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ABSTRACT 

Dystroglycan IDG) is an adhesion molecule formed by two subunits, a (extracellular) 
and I (transmembrane) DG, which are codified by a single gene and form a con nuous 
link from the extracellular matrix to the intracellular cytoskeleton Reduchon or loss of 
expression of DG has been observed in human cancer cell lines and primary tumors and 
has been suggested to promote tumor development and 'H^Yf™ 5 * _ 

In this study, the human breast epithelial non-tumorigenic MCFIOF and the beast 
cancer MCF7 cell lines were engineered to stably express on exogenous DG cDNA and 
the effects on the phenotype of both cell lines were evaluated. The MCFIOF ^nsfected 
cells displayed an increased expression of both DG subunits wh.c ^^g^J 
inhibition of the anchorage^ependent growth/accumulation of cejs ,n the <VG, phase 
of the cell cycle and increased adhesion to a substratum. The MCF7 transfected ceUs were 
^ able to So" a-DG despite an increased expression of the 0-DG subunit. Anchorage 
dependent and independent growth and the in vivo tumorigeniaty were reduced in the e 
derivatives that also displayed a reduced adhesion to a substratum and were shown to 
release a-DG in the culture medium. m „ mmnrv 

These findings confirm and extend previous evidence that transformation of mammary 
epithelial cells is associated-with loss of their ability to retain a-DG on the cell ™jmb«ne. 
Moreover, they indicate that DG is involved in cell functions other than cell adhes.on to 
the extracellular matrix, and that its loss of function might predispose to tumor progression 
by compromising' regulatory controls over cell growth and proliferation. 


INTRODUCTION 

Interactions with the extracellular matrix (ECM) binding partners represent the critical 
steps by which cells initiate intracytoplasmic signaling essential for the regulation of their 
growth differentiation, attachment and migration and are important factors m the deve - 
opment and progression of many types of cancer.^ Although stud.es of cell-ECM inter- 
actions have mainly focused on integrins, the role of other non-integrm receptors cannot 
be excluded and is becoming progressively more important. 1,2 A major non-.ntegnn 
adhesion molecule is dystroglycan (DG), a pivotal component of the dystrophin-glyco- 
protein complex, that is expressed in skeletal muscle and in a wide vanety of tissues at the 
Interface between the basement membrane and the cell membrane. DG is involved in 
multiple biological functions, such as skeletal muscle cell stabihty, maturation of post- 
synaptic elements in the central and peripheral nervous system and early morphogenesis. 
Moreover, DG has been reported to play a role in cytoskeletal organization, cell polarization 
and restriction of growth in response to basement membrane prote.ns m ep.thel.al cells. • 

DG is encoded by a single gene and is formed upon cleavage of a precursor protein into 
two mature subunits which form a tight non-covalent complex. 6 * The highly and hetero- 
geneously glycosylated cell surface-associated a-DG binds extracellular matrix molecules 
Lh as laminins and agrin. The transmembrane P -DG anchors a-DG to the cell membrane 
and is linked to the actin cytoskeleton via dystrophin or its paralogue utroph.n. ■ _ 

We and others recently demonstrated that DG expression, and mainly a-DG, .s 
reduced or lost in a variety of human cancer cell lines 7 - 10 ' 11 and in primary breast, colon 
and prostate cancers. 11 - 12 It has been also observed that a reduction in the expression levels 
of DG is most pronounced in high-grade diseases 1 and has a prognostic significance in 
breast cancer patients. 11 Although the exact molecular mechanisms have not been identi- 
fied, yet regulation of DG expression appears to occur at a post-transcr.puonal level both 
in primary tumors and cancer cell lines/- 10 - 11 - 13 However, the exact role o DG in the 
regulation of mammary epithelial cell growth and tumorigenesis remams largely unknown. 
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To address the effects of DG ^^Z^^ 
of breast normal and cancer cells, in this study we o 
of th e MCF7 human breast cancer and .ofte =MC ^ 

exogenous DG cDNA we ^Wage-independent growth 

the growth of both cell > ine ^" & ds0 mhibite d. The 

and tumorigenicity of the MCF7 cells were a. 
implications of these findings are discussed. 


MATERIALS AND METHODS 


^ „ A CM Culture The spontaneously immortalized human 
Cells and Cell Gdture I P m a 1; i 

mammary ep.theW cell Tine M "J W " 4 dlum 'kmented with 

(vohvol) mixture of DMEM and Ham 1Q PP /ml insu li n , 

0. 5 Ug/m. Mrocort.onej M ^^5, ^ MO ) and 

20 ng/ml Epidermal Growth Fact or (all t rom g 

5 o/„ horse serum (Gibco, Merelbeke, ^f™'^"^, imm0 rtalized 
epithelial cell line was donally derived f»^K a midterm preg- 
iLnnuryq^c^cul^oiMM-lly^^^ RPM1-1640 
nant BALB/c mouse" and was grown an ^™ Activated Fetal 
-^(^^^^^0^ f- the American 

-goU of DC SJ 
— reverse uanscrip, £^ t^S* fam exponential* 

^ accordance with the manuftctu.es «^~J « 
then synthesized using the Enhanced Av J ™ priLers W.Mr^ 
as a template for PCR. ™e fences °fd I'jJ^^c^K! -3" 

(forward) ^^SJS^^^^^^ 
and M-stop (reverse) 5 -CCC GAA 1 lt-1 1 ptJRWions 
AGG GGG- 3'. ^target sequences are a^ 2400 temper- 
(5 0 u! volume) were performed « » <^^^ ^ 2 5 5 ° f 
ature cycler (Perkin Elmer) ^ 10 ^^g^,, at 9 y C 
AccuTaq DNA polymerase (S.gma)_ After consisd 
for 15 min, 30 cycles o f PGR amph ^-g^^c for 45 sec and 

extension at 72 C for 210 sec, ^rouowea , electroph oresis 

amplified fragments were detected by I 8 gt ^ MO), 

and staining with ^"^SwTt ponding to fulllength 
Upon P"f -"Yv^slbtonS in^the EcoRI site of the eukaryot.c 
mouse DG cDNA was*suouim«* „ Mt .: nn ~ n d its correct sequence 

expression vector pdM§^ T^e'su Lg pcDNA-DG 
wis verified by coinpl^en- ^1^- L MCF7 or 
plasmid, or tie^control vector pcDNA3, were tra CA)The tr ans- 

P he MCFlfetdrtb* Genejammer U 1U ^ 

fected cell^sdected by growth n 700 Ug/m g4i& 

Mannheim^rpS^O"' 1 "' 11 ^ 0 ^ j fof a . D G expression, 

colonies were then pooled, expanae _ 7 . 

used for 

The pools showing a significant increase in DG express.o 

these studies. a .DG was been isolated from 

Preparation of Purified tt-DG. Nat.ve a 
chicken' skeletal muscles.as prev.ou^y j^^g^ N f C l, 50 mM 
frozen muscle was homogeneizedin 40 ^ of g*^^ fluoride, 
Tris, 2.5 mM N-ethylmale.rn.de 1 mM phenylm ' ' > 

1 ug/ml leupeptine and ^^^^P^»d loaded on a 


e l UK d so.ution was ^^^^^^^ 
affmity column S'pharose 6MB, L cop rotein binding agent 

containing NaCl buffer. WGL >s a we» . ~ S J P DG ,7 Afe, washing 
which was shown to have a high affinity towanls « ^ ^ ^ 

(with apptoximately ten column volumes) elution w ^ 
volumes of the same buffer <™^J^&&* and then 
extensive dialysis against H 2 0, the a flio-Rad). 

quantitated using a nW>««rtr' 1 S£S«uria«» 
q Growth Studies.The exponential do f ^^^v^^ w£ re 
were determined essentially as P^^^ ^S^c. Every 
p ,ated at a density of 1 x 10< cells ^PT^S^U, of cells 
U days the cultures were ^"3^ The doubling 
per well was determined every day ^'^^^elthe growth curves 
Les were calculated from the »^g^^Lh curves. Plating 
and the saturation densmes from the plateau *m g ^ ^ 

efficiency assays were performe dg^g ^ v ery three-four days 

^--^^c^l^ 

eave similar results. "%^>k-\ " . ■ e u s were collected, 

: V> » tvpical experiment. 0 in six .well 

- Cell Attachment Assay. Cells ^ we« .plate Dick i„ S on) 
^tissue culture plates pretreated with lOj ^ml Ma rng ^ ^ 

for 1 hr a, 37'C, followed by blockmg with AB^ ^ 
allowed to adhere and at different ^JZ^Tv^ and shaking and the 
plating) non-attached cells were washed away £^ &u adhesion 

Uningattached cells were «^^ a £^^~««ol 
was determined for each denvanve compa^d ^wnh p ^ ^ 

ce ,l s . The assay was performed .n comp, e « 

Conditioned media (72 hours ^^^f^™™ them 0 f DG, 50 ml 
and concentrated 10 times ^^Pj?>^J^ q Ld then incubated 
of conditioned media were first d ^Xt^n PM buffer, overnight 

1 Ser of attached celts was pendent growth 

Soft Agar and Tumongemcny Assa^ Mcho ag ^ ^ 
was determined by soft agar analysis, as previously rf 

6 weU plates. Then 2 rrJot 0.3/0 agar of bottom agat. Colony 

cel ls were .ayered on top of *££tX** -umberfof colonies 
formation was monitored up to 3 wee 

larger than 0.05 mm diam. were j^^ cribed prevlous ly." Briefly, 

\umorigenicity assay was perfonn ed a^ d«« P f . 
cells (5 x 10^) were injected J^g derivative was 

(nude) mice. Each vector ^£™ZZL). The animals were 
injected in twenty inde pendent s.tes ^4 si t ^ 
monitored for tumor formation^ ^ and end of the experl . 

Tumor length (L) and width (W) were ™^ x 
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Fig U re 1. CoosHMiv overex« of <*^J^^^™ J£ ^Jof piffi^ond primer pain S^l^^y^ 
tumorigenic mammary epithelial cell line. ™ es,er ' „ , ^™ ,> ^ reverse 5'-ACGGAGTACTTGCGCTCAGG-3 were 

^tinand^bpforDG, _ ^ ^1^^ were dLcred by 3^ 

(W/v) agarose gel electrophoresis and staining ; with 0.3 
mE /ml ethidium bromide (Sigma, St. Lours, MO). 

Statistical Analysis. Mean values were compared u»Dg 
the Student t-test and the two-tailed P value was reported. 
The Mann-Whitney test was used to determine the statis- 
tical significance between the median tumor volumes of 
the vector control and DG-overexpressmg pools, 
emulations were performed using the STATA 6.0 = 
tical software package (Sua Corporation, College Station 
Texas) and the results were considered statistically sign .Scant 
when the f value was <0.05. 


c i rS rime were made to establish a linear range. u<ui 

ferent lengths or time were maa ad 

scanning the N-terminal region of mouse a-D^tfU JO; an j 
spanning in western blot analysis, 

ous v shown to be able to detect u i^vj f » -action 

ESrf^l I- using the#f^- * (^.^ 
Ge«),inac^ 

E1 ^^;^rwaU^# TKe ^ ^TE^SS 
which ^P')^^^^^^^Q^^cGCCCAGAG03^nd DAGAH 
f 0 ^ f v CG^IMTAfrSScAGGGTGATGG-3- which amplify a 

^^^^SrS^ were 


Table 1 


^ClT^KTR^^ 
OF DG-OVEREXPRESSING DERIVATIVES (DG#S4. S13, S14) COMPARE 

to Vector Control (PV1 and 2) and Parental MCF1 OF Human 

NON-TUMORI6ENIC MAMMARY EMTHtttATOglLS 


Cell lines D.T. (h)° 


Cell Cytle distribution* 


MCF10F 

M10F-PV3 

M10F-PV4 
M10F-DG#S4 
M10F-DG#SJ^4.6%4 

M10F-DG#Sf4 33.8 i 5 


2?7s± 0.2' 
28.5 ± 5o<3S"io.2 


29.2 ± 3_ 


28.4;± 3C^2:iB ± 0.3 
f 1 *^! 2.2 ±0.1 
1.5 ±0.1 
1 .7 ± 0.05 


ib/s, 

S 

G 2 

RE. (%) 

A.I.G. (%) 

52.6 

31.9 

15.5 

6.7 ± 1 

0 

50.4 

33.9 

15.7 

6.5 ± 1 

0 

52.6 

34.9 

12.5 

5.3 ± 1 

0 

62.4 

25.6 

12.0 

9.5 ±2 

0 

70.2 

20.2 

9.6 

9.8 ± 2 

0 

67.6 

23.4 

9.1 

10.7 ± 3 

0 


\ '\.J- J ■ T^TT, ,„. „!,„«. „f roll ornwrh- S D = Saturation densityTrepresents the total 

HI = Do^lingjime^ftesponds to the inrtial exponenh I a» of <e H grow*, VU _ 
number of tells per 35-mn, .ell when rtie Ares reached . eau PL - W* \« ^ meon ± SD ,„ = 6) 

the total cell population in each phase of the cell cycle. 

, Bn , io /o NP40 0 1% SDS, 50 mM NaF, 15 Jlg/ml benza- 

14000 %» «« » « 4 ' C "™ "ir/os MGE 

Tdtix 0 ^ 

100 vote for 1 hour at 4'C Immunodetection was performed us.ng the 


RESULTS 

Transfection and Expression of an Exogenous DG 
cDNA in the MCF10F Cells. The MCF10F human non- 
tumorigenic mammary epithelial cell line was transited 
with the pcDNA3 mammalian expression vector or its 
derivative pcDNA-DG containing a ful length DG 
cDNA sequence in the sense orientation. Following G418 
selection, pools of thousands of resistant colonies were 
otaLed both from the cultures transacted w.th the 
dcDNA-DG construct and those transfected with the 
pcDNA3 vector (vector control cells) and analyzed for the expression of Ct- 
and p-DG by western blot analysis. M10F-PV4) and 
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3 § I 


= Si 1 * 1 - 

c s 5 s s s s 


200- 

97 
43- 


a-D6 


(3-DG 

«_ p-octin 



2 3 4 
Time (hours) 

RguM 2.1i^ of DG^v^^ 

cancer mammary epithelia celk Vec or contra ^ ^elin we „ 
derivatives of the MCF1 OF (A and MCF7 W «™ £™ times 
plates precoated with Matrigel and The assay 

when L number of adherent f^^^g^^ lower than 
was repeated four times in triplicate and **d»&g« 0.01) 

20 % oU time points, ^^re^to^ f J 

between DG overexpressmg and vector owa^ 

both cell lines. :, , , . ■ 

. nf ^IWA^exbression level was evaluated 

DG-overexpressing derivatives, DG W« . ; previously 

i. the same cell lines by ■«*Wg^^ both 

a-and fJ-DG were .^_f4l^of vector control and DG-overexpressmg 

^^^£^lcT^ confirmed the correct size of 
derivanves-Thetesu^ol^TPCR J ^ ^ 

mcreased 'ff ^^^Tnhibits CeU Growth and Increases Adhesion of 
Overe^re^on of DG Inh.b.ts Cell Arfo ion of DG 

the MCFtOFNonha. M^JJ^S (data not shown). Cell 
did not alter the morphology ot the Inriallv crowing cultures of the 
cycle parameters were examined .n exponen ally grow '"| d . 

MCF10F control and ^T^^^^^^ an 
vared cell sorting) analyse J^J^^^L «n 
increase in the percentage of cells in the C^l, pn Dercentage of cells in 

62 _70 - »f*> 1o 32 35^ X"n cVm a^ the vector 

the S phase range 20- -26 « > w£ ^ observed the preS ence 

control cells (Table 1). it is noteworu y f ■ ; n t he DG-over- 


ce 9 r cell line. ™6 M7-PV2] land 

DGexpressiWintheMCFTce^vec performed as 

DG^erexpressing ce s (M7-DG#A4 as J I ^ ce|u 

^ f ***C3pa I T^t^o so Sed as a positive control for 

%m£t*£<&> r R ana,ysis of DG 9ene expre * 

fliol'inlhe same cell lines, as in Figure 1 . 

,11 efficiency was increased in the same derivatives 

e %e ^^^^f^^^ for each of these parameters 
(about 10 vs 6%) (lable l . me eachof the vector control 

cell line was compared with any or tnc ^ 

0 0 S G forms a physical .in, between the .^^J^ 
btracenularcytosMe^ 

derivative o fd* MCF OF membran e preparation 
precoated plates. Matrigei * sarcoma, a tumor rich 

extracted from the E-8^^ ln ^ fa S in "S° C ^ were allowed 
in ECM proteins, whose major ^^^^ at vario us times 
to a dhere and the ^ 
thereafter. As shown in Figure ZA, ^ J f „ detachment, 
increase of cell adhes on, equated as ,«ing and improved 

by the MTT test (data not shown). C DNA in the MCF7 

'Wection and Expression o ^ ^^1^ 1 reduced expression 
Cells. The MCF7 breast cancer cell line, that 
of P-DGwim loss of expression of the a-DGsubunu 

with the pcDNA3 vector ^f^e^^o" the culture 

rX^^°< ce,k) ' were for expresslon 

of*^^\~£^tVDG expression level was easily 
Interestingly, while an increase in p D cDNA-DG construct, we 
detected in the MCF7 cells ™^ K *^\^ 0 f tWe DG-transfected 
were not able to detect the express.on of a-DG in any 
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Table 2 


^^^^^ 


Cell Cycle distribution* 


Cell lines 

MCF7 

M7-PV1 

M7-PV2 
M7-DG#A4 
M7-DG#A5 
J^DG#B6^ 


D.T. (h) fl 

27.5 ± 2 
28.3 ±2 
27.9 ± 3 

37.2 ± 6 

35.3 ±3 
33.7 ±4 


S.D. (xlO 6 ) 

4.2 ± 0.6 
4.6 ± 0.5 
4.2 ± 0.4 
1.5 ±0.3 
1.7<±0.2 
1.7 ±0.4 


49.8 
50.0 
51.6 
62.2 
62.0 
54.5 


S 

38.1 
34.5 
32.8 
24.6 
26.1 
29.4 


G2 

12.1 
14.5 
15.6 
13.2 
11.9 
16.1 


RE. (%) 

27 ±4 
27 ±3 
25 ±5 
14 ± 2 
5± 1 
18 ±3 


A.l.G.(%) 

17.2 ±3 

18.4 ±4 

22.5 ± 5 
1 1 .5 ± 3 
10.2 ± 2 
10.5 ±3 


M7W#B6_1£^^ ^7^-VT^7^wth- S.D. = Saturation density, represents the totoi 

the total cell population in each phase of the call cyde. 



Vector 
Controls 
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pool , h is noteworthy that ^^1^ 

ant ' « on theO-DG molecule and che polyclonj 
eP T D G anTbody which specifically .ecogmzes and 
anti-a-UU anurwuy ammoacidic 
binds the N-term.nal region of the 0 U 
u • fPio ^ and data not shown). We selectea 
chain Fig. 3 and d ^ DG . D essl „g 

^ and #B6) of the M6F7 for the 

pools (M7-DG#A4, *ro ai MC p.roF cells, densit- 
Ue, described ^fo^MCBI^ ^ 

ometric analysis of western W^^gy in the DG - 
expression was increased ««^tlv ^ to 
overexposing derivatives of the MC|7,cells comp 

the vector control pools W% ? , siz£ G f the 

tu» BT PCR analvsisconfirmed tne coito. 
TheBT-PCKar^ express ion level was 

tives (Fig. 3, bottom?^ u ^ 

Overexp|e|aon of DG 'l"^ CeUs . 

Overocprttsion- of DG did not . FACS 

the MCF7 cells (data not sr^n). Analysis rf^ ^ Q J 
in exponential*^ ^ percentage of cells in the G 0 / 

pressing cdM^f***™ ^50°^ a decrease in the percentage 
Gl phase rf^^£^i 3S) i *• DG-overexpressing denva- 
of cells in. the S phase (about 27 vs»l on a in g vector control 

rives of# MCF7 C f l S . was observed in^he DG-overexpressing 
cells GftWfe-a- N° s ^diplo d peak was derinrivc also 

derivatives of the MCF7 eel b (data n°t * hown) ^ 

Wity (about 1.6 vs ^ MCF7 cells displayed a reduction of the 
" Stives, the DG-overexpressing MCF7 JJ & vector control 
# plating efficiency when cornp^ 

cells (about 1 1 vs 19%) ^^S^fe and were significant when 

DG-overexpressing derivatives of the MUtv r m 

their strength to adhere to the ~^£fi*iJ*T <*« 
their resistance to detachment, which ^^J.^ ,^ wer th an vector contro 
48%)at30' afterpUtingand rer^ned «p Jj^ ^ ^ obtai d 
f cells at all the time points (P<°, g , ^ e MTT test (data not shown). 

' evaluating the numl^ 

Overexpress.on of ™™ ^ ^ shown ln Table 2, 

Tumorigemcity u> the ln comp l et e medium, the MCF7 

when grown m suspension in 03/o ag ^ ^ ^ a 

and the vector control M7 1 V ^ 0 f an 

colony-forming efficiency of Aout ^chorage-independent 

Fig. 4A). 

and M7-DG#B6) compared wth a vector comr \ ^ 
MCF7 cells. (B) Effect* . d ^X^* (5 x 1* frorn 
genicity of the MCF7 breast «^°*Jdor d DG «verexpressing poob 
U^^/^^^jS^XSc (nude) mice. The animals 
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Fiqure 5. Effects of conditioned media from MCF7 and DGoverexpressing 
derivatives on epithelial cell adhesion. The HC1 1 non-tumorigenic immorta lized 
mouse mammary epithelial cells, that express high levels of a-DG, were plated 
on tissue culture plates coated with Matrigel and were allowed to adhere. 
Cells were suspended in media containing 5% of the concentrated condi- 
tioned medium from the indicated cell line. After 6 hours nonottached eel s 
were washed away with PBS and shaking and the remaining attached cells 
were counted. The results are expressed relative to the values obtained in 
the absence of conditioned medium (None). Shown are the mean ± S.D. ot 
six determinations, each performed in triplicate. Values correspon^ng to 
columns not sharing the same letter were significantly different (p < 0.05).^ 


0 ^ wt _ ' un ur\ vri co co CD 


XofCM 10 5 10 10 5 10 10 10 10 
WGL 

treatment - • • + • • + • * 


Since anchorage-independent growth is the in vitro assay that^best 
correlates with the in vivo tumorigenicity, these results suggested that • f«ease| 
expression of the DG protein might reduce tumorigemcity^f ^»MCt/ 
cells. To verify this hypothesis, tumorigenicity of the LX^=Dressmg 
derivatives was assayed in nude mice, compared with vector conjjoj ce Is, by 
s c injection of 5 x 10 s cells/injection site. As expected|die M7-PV cells 
produced tumors in all of the injection sites (n &' l f}~$> lume T 8 
between 4 and 245 mrf (mean: 54.3; median: 3?)!^G-overexpres S .ng 
cells displayed a dramatically reduced tumorigemcityMn fact, tumors devel- 
oped only in 19 of the 60 injection sites and>ei£tsignificantly smaller than 
in the corresponding vector controKceUs (S^V to 126 mm 3 ; mean: 4.6; 
median: 0) (p < 0.001) (Fig. 4B). 

O-DG is Secreted in the Culture Medium of Cancer but not Normal 
Mammary Epithelial CelM?!rH4j%eed tumorigenicity of DG-overex- 
pressing derivatives of tte^CF^ could be explained by the reduced 
proliferation rate, platirlg^ae&y and anchorage-independent growth. 
However, it was notl^afent^hy, despite the fact that these cells consutu- 
tively expressed high Iev%of the DG mRNA and ($-DG protein, they did 
not display.affSreased expression of a-DG and an increased cell adhesion. 
As mentiolelabovii this was likely not due to our inability to detect O-DG 
since we Jedlfo different antibodies, one directed against carbohydranc 
epitopes of thtpKtein and the other directed against the aminoacid.c chain. 
Thus, another possibility was that cancer cells secrete a-DG rather than 
retain it on the membrane. We were unable to detect the presence of a clear 
band corresponding to the correct size of the a-DG protein >n the medium 
of the MCF7 cell line and its DG-overexpressing derivatives (data not shown). 
This might be due to the presence of several unrelated serum proteins in the 
medium which mask the a-DG-specific signal although rt cannot be 
excluded that the secreted a-DG is degraded and thus present in form ot 
smaller fragments in the extracellular medium. To test this hypothesis, we 
evaluated the ability of conditioned medium from MCF7 cells to inhibit the 
adhesion to matrigel-coated dishes of the HC1 1 mouse mammary epithelial 
cells that express high levels of O-DG. 1 1 In fact, several evidence suggest that 
DG plays an important role in modulating attachment o celh to 
matrigel. 24 ' 26 We found that the conditioned medium from the MCh7, but 


Figure 6. Deflefict^DG- prevents inhibition of cell adhesion due to condi- 
tioned medium %$CF7 vector and DGK>verexpressing derivatives. The 
HC1 1 non-tumorigenic immortalized mouse mammary epithelial cells, that 
expressSWevels of a-DG, were plated on tissue culture plates coated with 
Matrigeril were allowed to adhere. Cells were resuspended in media 
eSniinitfthe indicated percent of the concentrated cond.tioned medium 
0S& indicated cell line. Passage through a WGL cdumn was used ,n 
H£ coses ( + J to deplete conditioned media of a-DG. After 6 hours non- 
%atiached cells were washed away with PBS and shaking and the remain.ng 
W» attached cells were counted. The results are expressed relative to the values 
obtained in the absence of conditioned medium. Purified a-DG was used at 
a concentration of 1 ng/ul in this experiment Shown are the mean * S.D. ot 
six determinations, each performed in triplicate. Values corroding to 
columns not sharing the same letter were significantly different (p < 0.05). 


not from the MCF10F cells, caused a significant inhibition of cell adhesion 
to matrigel-coated dishes (Fig. 5). We then tested the conditioned media 
from the DG-overexpressing derivatives of the MCF7 cells and found that 
they exerted a significantly higher inhibition of cell adhesion thus suggesting 
that part or all of the overexposed a-DG is likely released ,n the medium, 
although other unknown mechanism could not be excluded (Fig. 5). No 
inhibition was observed with conditioned media from the DG-overexpressing 
derivatives of the MCF10F cells (Figs. 5 and 6 and data not shown). To fur- 
ther verify that the effect of conditioned media to inhibit cell adhesion was 
due to a-DG, conditioned media from MCF7 vecror control and DG-over- 
expressing derivatives were depleted of DG using WGL, which spec.fically 
binds and retains the «-DG protein." Depletion of tt-DG was able to 
abolish the conditioned media-induced inhibition of cell adhesion of both 
MCF7 vector and DG-overexpressing derivatives (F.g. 6) 1 he likely 
involvement of a-DG released in the medium in mediating the inhibit™ 
of cell adhesion is further supported by the observation that addiction or 
purified a-DG protein to cell culture inhibited adhesion of the HC11 cells 
to matrigel-coated dishes in a dose-dependent fashion (Fig. 6 and data not 
shown). 

DISCUSSION 

Cell adhesion to extracellular matrix (ECM) binding partners is a 
requirement for cell growth and survival for a wide variety of cell types. 
Moreover, interaction between cancer cells and the ECM is known 
to influence tumor outcome and its disruption might provide a 
mechanism by which certain tumor types are prone to invade sur- 
rounding tissues and metastasize. 27 Dystroglycan (DG), a ubiquitously 
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expressed integral membrane glycoprotein, links the ECM to the 
S "ike^ton, thus providing structural Wg^Jj 
transducing signal, in a manner similar to integrins It has 
b 2 ^ that loss of DG expression might play an .moor 
™t rok in tumor development by altering the mteractions between 
Xand7he^^ 

micrhr act as a tumor suppressor gene and its loss or function couia 
mfltn^h rmation'of string contacts between basest 
membranes and the cytoskeleton of cells thus favoring ^ 
opment and invasiveness. The exact role of DG in the pro ess o 
tumor development and in the maintenance of the malignant 
ohenotype, however, remains to be defined. 

ThiTstudy- demonstrates that increasing the expression o DG 
maricedk inhibited the anchorage-dependent growth and prohfera- 

•of oTdie MCF10F human non-tumorigenic mamm ary epuhehal 
cells (Table 1). Similarly, overexpression of an exogenous DG cDNA 

n he MCF7 human breast cancer cell line was associated with 
'inhibition of cell growth and proliferation and with *™^*£> 

tion of the anchorage-independent growth and of the in vivo 

W t!&^^^ ** ma T ary 8land 

tissue has retained important characteristics of normal mammary 
' Slum and has prln to be an invaluable in vitro mode for 
characterizing molecular events involved in P^^**?^ 
ation and transformation of mammary ep.thelial cells. Ine 
MCF7 b-ast cancer cell line is one of the most well dvaanud 
human breast cancer cell line, is widely used as an in vitro modd of 
breast cancer and was selected because as the majority of hunun 


breast cancer ana was scicclcu u^—> ~ , . HUnlavs^ 

Wast cancer cell lines, it does not express a-DG and display^ 

breast cancer ceii > 7 , 10 ,n Th we believe*hat 

reduced expression or the suounit. _ ^ 

1 • X! J,r flra r**t 


reduced expression or me p-uv, suuu.m. 1 Thus, ^ e ^JJ^A 
the results presented in this study are representative of botJ^ ^ 
and transformed mammary epithelial cells and ar^uaWe^or a 
better understanding of the role played by DG in the regukuon of 
growth in both normal and transformed cells. ^ 
g Z our knowledge, this is the first report, anting the effects of 
DG Session on the phenotype 0 fno^^« 
epithelial cells. Inhibition of cell growth observed in the DG-over 
expressing derivatives of the MCFlOF^lUihe was associated with 
^cumulation of cells in the <yG|ph# of the cell cycle and a 
X on of cells in the S phase (fo^This finding is consistent 
with previous data demonstrating mat'overexpression o DG «u»d 
a decreased growth ratlin; Vascular endothelial cells" It is also 
LSTi recenf d^onstrating that DG is a supper 
of integrin-media^ext&ellular signal-regulated kinase (ERK 
a «3* and MthKbsemtion that a-DG-dependent signal 
jrrc^pathway'ctn stimulate differentiation thus inhib.ting 
rfeS: of &bth muscle^ and epithelial^ cells. Cell adhesion 
Tnt 4l-^l dishes, as well as plating efficiency, was _also 
Leased' inline DG-overexpressing derivatives of ^the MCF OF 
cells, as compared to control cells (Table 1 and F,g. 2tf Mongd » 
a solubilized basement membrane preparation rich in lam mm. 
Thus this finding is an agreement with the well known role of 
IDG in mediating cell interaction with ECM mainly through 

b ^h"smt forthe first time the effects of DG overexpression 
were ela3n parallele and in detail on the phenotyp< = o both 
transformed and non-transformed ^^^"^^ 
interesting finding was that overexpression f»«JJ»DG 
cDNA was not able to restore a-DG expression in the MCF7 breast 
cancer cell line. The mechanisms responsible for the loss of a-DG in 


breast cancer cells remain unknown. We believe it is due to a post- 
Lnscriotional event and is likely a consequence of the lack ot 

to restore expression of thea-DG proteui ' « ^ Dfrow expr ng 
derivatives of the MCF7 cells, despite the fact that they expressed 
in I ed levels of the DG mRNAand of the fr-DG protem (Fig. 3)_ 
^ a lu e to detea a-DG in the DG-overexpressing derivanves of 

m exoress the M M P 1 5 ; and MMP 1 6 enzymes 36 which might play a 
Setss of r^Dllprlssion. However, ~ * « 
anv change in the loW molecular weight form of the p-DG in the 
nr nviress^derivatives of the MCF7 cells compared to vector 
^SS^hown) and, in preliminary studies, we did not 
2 tvechan^., restoration) ^^^^J^ 
cells and,their derivatives by treatment with a broad MM s inhibit 
(unoubiSnedSdata). Studies are ongoing to definitively identify the 
mel^s) responsible for loss of a-DG expression in breast cancer 

findings suggest that breast cancer cells have lost their ability 
^SntDG of cell membrane and that overexpression of an 
^toSL DG cDNA is not able to override this inability Re£e of 
a-DG from cell surface has been previously reported >n other cell 
models including bovine aortic endothelial cells* and rat schwan- 
noma ce h I of interest that overexpression of an exogenous 
DG cDNA was previously reported to be not able to restore a-DG 
Expression in a series of breast cancer cell lines/ We hypothesize that 
nee DG subunits are encoded by a single gene and are formed upon 
ck vage of a precursor protein W breast cancer ceUs have developed 
Sic post-transcriptional mechanism responsible for .he ack of 

" hu , unlike most of the other breast cancer cell lines a genetic 
L transcription, ^^^^^ 

SS-DG expression in different cancer eel lines and primary 
tumors but this hypothesis remains to be verified. d 
Despite the lack of expression of a-DG, the DG ; trans ™ 

ff h MCF7 cells also displayed inhibition of the anchorage-inde- 
DendenVgrowth (Fig. 4A) and a reduced tumongemc.ty in vivo 
(Fig 4B) ATeductio S n of the tumorigenic potential was previously 
observS in the DG-transfected T4-2 breast cancer cells/ However 
t "otewonhy that in the latter study the DG-transfected T4-2 
cells displayed an increased expression of both a- and P-DG Our 
results demonstrate, for the first time, that "^n^s 
able to reduce the growth and tumongen.c.ty of breast cancer cells 
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independently of an increase in the a-DG-associated signaling tran, 

.. m- <; ^ Thus conditioned media or the M^r/ lcu& 

■ . „f ,hl MCF7 ctll, » imponant for our ur,d t rstand.n B of th. , 

,nd cadherin has been reported to suppress cell proUteration-^ , 
Thus a toas^ rate of proliferation was expected b^»»» n 

displayed an increased adhesion to a sub ^T^M^^Z 
More surprising is the observation of a reduc^dpohferaaon rat ^ 

regulatory ^$3%$$^ c l (unpublished results) 

pathway inc udjng the h an excess 0 f 

^SSfa^p^S^ no n t C °o S nly by a direct effect (i.e., 
S nhiory signals) but also by an indirect effect Rocking 
or nterfering with stimulatory signals (i.e., sequestermg Grb2 and 
JhS^iinrion o f Grb2-dependent fgnal.ng pathway* 
Futu, -dies looking at ^^.'^^^ 
DG-dependent intracellular signaling pathways will be necessa^ ^ 
definitively assess the role(s) of DG complex on the regulation of cell 

^hi^tLying modular -han isms remain 
unknown 'the results of the present study confirm teDG»J 
related proteins might play an important role in the regutoon ot 
mammary epithelial cell growth and tumongenesis. The altered 


thus predisposed to T m ^JL^S^ in multiple 

,on r^uUte still unknown intraceUular. signaling patnways. > 

tha TnT£Sa^f great interest in view of a potential exploit- 
a pmgnosdc factor of risk of recurrence and metastasis 
me^of|Gas a prog rf ^ therapies „ halt 

cell growth and invasiveness. 
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Abstract 

The a- and (3- dystroglycan (DG) proteins are involved in epithelial cell development, formation of the basement membrane and 
maintenance of tissue integrity. Recently, specific changes in the expression patterns of DGs have been described in some cancers. 
We studied the expression and localisation of ot- and [3-DG using Western blotting, immunohistochemistry and reverse transcrip- 
tase-polymerase chain reaction analyses in samples of normal oral mucosa, oral squamous cell carcinoma (SCC) and cancer cell 
lines. The a- and (3-DG were localised in the basal layers of normal oral mucosa.However, 0-DG expression in cancer tissues showed 
evidence of aberrant expression, processing and degradation. tx-DG was altered in all oral cancer samples and cell lines, despite the 
persistent presence of DG mRNA in cancer cells. Using matrix metalloproteinase (MMP) inhibitors, we determined that P-DG 
degradation in carcinoma cell lines can be mediated by MMPs but this process is highly variable, even in cells from the same cancer 
type. Considering the multifaceted role of DG in epithelial development, it appears that the role of DG degradation in cancer 
growth and spread, although currently poorly understood, may be important. 
© 2004 Elsevier Ltd. All rights reserved. 

Keywords: Squamous cell carcinoma; a- and p-Dystroglycan; Matrix metalloproteinases 


1. Introduction 

Oral squamous cell carcinoma (SCC) is the sixth most 
common malignancy worldwide. The tongue and the 
floor of mouth are the most common sites of origin in 
the Western world. Furthermore, the incidence of oral 
cancer has increased over the same time period in both 
the United Kingdom (UK) and United States of 
America (USA), particularly in the under 50-year old 
age group [3,16]. In UK alone, there are ^3500 new 
cases of oral cancer diagnosed per year, and 1600 
deaths. Both the disease and its treatment are associated 
with a high rate of morbidity, and despite improvements 
in the diagnosis and management of oral SCC, the crude 
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5-year mortality rate of «45% has changed little in the 
last 30 years. Moreover, metastasis to the cervical lymph 
nodes reduces the chance of cure by 50% [33]. A greater 
understanding of the disease processes is needed in order 
to improve patients outcome and develop novel treat- 
ment modalities. 

The cell-cell and cell-extracellular matrix (ECM) in- 
teractions have a pivotal function in the development 
and maintenance of the cytoarchitecture in normal tis- 
sues and play an important role in the development and 
progression of many types of cancer. In fact, abnor- 
malities in the interactions between tumour cells and 
ECM proteins are often implicated in the aberrant be- 
haviour of carcinoma cells and defects in the structure 
and function of basement membranes are hallmarks of 
metastatic disease [19]. 

The roles of the different adhesion molecules and 
their binding ligands are not fully understood. It is clear 
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that these proteins are multi-functional - they not only 
connect cells to the basal lamina, but also contribute to 
the exchange of information with the extracellular en- 
vironment, connect and organise the cytoskeleton, and 
participate in signal transduction processes [19]. As 
such, adhesion molecules are critically important for 
proper tissue growth, differentiation and maintenance of 
cytoarchitecture. Until recently, studies on cell adhesion 
molecules involved in cancer have mainly concentrated 
on the integrin family [4,19], However, there is a grow- 
ing body of evidence that other adhesion molecules may 
play an equally important role. 

We have focused our attention on the function of the 
dystroglycan (DG) complex. DG is a cellular receptor 
expressed in a variety of tissues and it interacts with 
extracellular proteins like laminin, perlecan and agrin 
[41] and also membrane proteins - e.g., neurexins [36]. 

The biosynthesis and structure of DG are complex 
[41]. DG is a product of a single gene, but the primary 
peptide is post-translationally cleaved, resulting in two 
protein subunits (ot and (3), which interact to form a 
functional non-covalent complex [18]. The (5-DG is a 43 
kDa transmembrane protein. The predicted 72 kDa ot- 
DG peptide undergoes further post-translational modi- 
fications resulting in a heavily glycosylated extracellular 
protein. Its molecular mass can vary in different tissues 
(120-180 kDa), depending on the degree of glycosylation. 

In muscle tissue, ot/P-DG functions as part of a large 
dystrophin-associated protein (DAP) complex, which is 
an array of transmembrane, cytoplasmic and extracel- 
lular proteins that are crucial for proper muscle function. 
Mutations disrupting this complex result in muscular 
dystrophy. However, DG also has a role in non-muscle 
tissues. The DG gene knockout in mice results in em- 
bryonic death in utero. This early lethality is caused by 
disruption of the Reichert's membrane - an early base- 
ment membrane [39]. Later in foetal development, this 
protein has been shown to have a crucial role in kidney 
and salivary gland epithelial morphogenesis [8]. More- 
over, in the adult mouse, DG is present in epithelial cells 
in several other non-muscle organs (including squamous 
epithelia) [7]. It is particularly enriched at the basal in- 
terfaces of cells directly apposing basement membranes 
[14]. Finally, disruption of brain DG results in neuronal 
migration errors in the developing brain [27,28]. This 
evidence points to DG having a role in epithelial cell 
development and the formation of the basement mem- 
brane and indicates its importance in the formation and 
maintenance of tissue integrity. 

Recently, specific changes in DG expression in hu- 
man breast, colon and prostate cancers have been de- 
scribed [15,25,32]. 

Herein, we analysed DG expression in samples of 
normal human oral epithelia, primary and metastatic 
SCCs and a range of tumorigenic SCC lines to study its 
involvement in oral cancer. 


2. Materials and methods 

2.1. Primary antibodies 

Mouse monoclonal anti-P-DG NCL-b-DG (Novo- 
castra, UK) recognising 15 amino acids at the extreme 
C-terminus of human DG; mouse monoclonal (clone 56, 
BD Biosciences, UK) generated against an epitope en- 
compassing amino acids 655-767 in the middle of 
human P-DG and two mouse monoclonal antibodies 
anti-ot-DG: VIA4-1 (Upstate Lab, USA) and anti-oc-DG 
(IgM, US Biological, USA), both generated using rabbit 
skeletal muscle membrane preparation as an immuno- 
gen were used. Only VIA4-1 is suitable for immunolo- 
calisation. 

2.2. Cell lines 

SCC-4, SCC-9, SCC- 15 and SCC-25 (human tongue 
SCCs) and HT-29 (human colon adenocarcinoma grade 
II) were obtained from the American Tissue Culture 
Collection (LGC Promochem, Middlesex, UK). Cells 
were grown in Dulbecco's modified Eagle's medium 
supplemented with nutrient mixture F-12 Ham's (con- 
taining 15 mM HEPES, NaHCO, pyridoxine and l- 
glutamine), 10% foetal bovine serum, penicillin, strep- 
tomycin and 400 ng/ml hydrocortisone (Sigma-Aldrich, 
Poole, UK). Cultures were maintained at 37 °C in a 
humidified atmosphere with 5% C0 2 . 

For the matrix metalloproteinase (MMP) inhibition 
studies, cells were grown to confluence as described 
above, and the growth media substituted with a fresh 
one of the same composition but containing 25 uM of 
the GM6001 inhibitor (Ilomastat) or 2-20 uM of 
MMP2/MMP9 inhibitor IV (SB-3CT). Both inhibitors 
were obtained from Chemicon International and used 
according to the manufacturer's instruction. The inhib- 
itor stocks were prepared in dimethyl sulfoxide 
(DMSO). Ilomastat was added directly to the culture 
medium, while SB-3CT was diluted in buffer R (50 mM 
HEPES [pH 7.5], 150 mM NaCl, 5 mM CaCl 2 , 0.01% 
Brij-35 and 50% DMSO) prior to addition. 

After incubation for 48 h in the presence of either 
inhibitor, cells were washed three times with phosphate 
buffered saline (PBS) and used for protein extraction as 
described below. 

2.3. Tumour samples 

Surgically resected primary tumours, metastatic 
lymph nodes and control samples of squamous epi- 
thelia were obtained and used hi accordance with the 
institutional guidelines and the ethical permissions 
granted. All studies were performed using fresh-frozen 
specimens. 
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2.4. Immunolocalisation 

Cryosections (10 um) were cut, mounted on poly-L- 
lysine-coated glass slides and fixed with 4% (w/v) para- 
formaldehyde in PBS for 15 min on ice. Following 
blocking of endogenous peroxidases, the sections were 
pre-incubated for 30 min in PBS containing 10% (v/v) 
normal horse serum, and further treated with Vector 
Blocking kit (Vector Laboratories, UK) to block en- 
dogenous biotin activity. After blocking, the sections 
were incubated overnight at 4 °C in PBS containing 10% 
(v/v) normal horse serum and mouse monoclonal P-DG 
antibody NCL-b-DG at a 1:100 dilution. Following in- 
cubation with the primary antibody, the sections were 
washed, incubated for 30 min with horse anti-mouse 
biotinylated secondary antibody (1:200, Vector Labo- 
ratories, UK) diluted in PBS with 2% normal horse se- 
rum and the signal was visualised with Vectastain ABC 
reagent and Vector VIP substrate kit. The sections were 
counter-stained with methyl green (Vector Laboratories, 
UK). 

For the immunolocalisation of a-DG with the mouse 
monoclonal antibody VIA4-1 the protocol was as de- 
scribed above, but with the following modifications. 
Blocking was in PBS with 8% bovine albumin and the 
primary antibody was diluted 1:500 in PBS with 1% 
bovine albumin. 

2.5. Western blotting 

2.5.1. Protein extraction 

Tissues (tumour and control human muscle samples) 
were homogenised in ice-cold buffer containing 10 mM 
2-[4-(2-Hydroxyethyl)-l-piperazine]ethane Sulfonic acid 
(pH 7.5), 0.5% Triton X-100, 5 mM EGTA, 5 mM 
ethylene (oxyethylene nitrilo)tetraacetic acid (EDTA), 2 
mM sodium orf/iovanadate, 50 mM sodium fluoride, 
100 mM sodium chloride and protease inhibitors 
(Complete™, Roche) using polytron. After incubation 
on ice for 25 min on a shaking platform, the samples 
were centrifuged at 200g for 5 min at 4 °C and the su- 
pernatants were centrifuged again at 16000g for 25 min 
at 4 °C. For immunoblotting, the pellets were solubilised 
for 4 min at 100 °C in solubilisation buffer (50 mM Tris- 
HC1; pH 7.5, 2% (w/v) sodium dodecyl sulphate (SDS), 
and 1% (w/v) dithiothreitol). 

Proteins from the tumour cell lines were extracted as 
described above or using a simplified protocol: in this 
case, cells were scraped off the dish in PBS, pelleted and 
solubilised in the Triton lysis buffer (1% Triton X-100, 
150 mM NaCl, 10 mM Tris pH 7.4, 1 mM EDTA, 1 mM 
EGTA, 0.5% Tergitol NP-40 with Complete™ protease 
inhibitors, Roche). Following 20 min incubation on ice 
with shaking and brief centrifugation, the supernatant 
containing the total protein extract was used for the 
SDS-polyacrylamide gel electrophoresis (PAGE) analy- 


sis. Both methods were run concurrently and produced 
equivalent results. 

2.5.2 SDS-PAGE 

Solubilised proteins (30-50 ug) were mixed with 
Laemmli sample buffer (Bio RAD, UK) and 0.05% 
mercaptoethanol, heated to 95 °C for 4 min, separated 
on 6-10% SDS-polyacrylamide gels and electroblotted 
onto Hybond ECL membranes (Amersham Pharmacia 
Biotech, Bucks, UK). The blots were incubated over- 
night with a blocking solution containing 5% non-fat 
milk powder in PBST (PBS/0.05% Tween 20) at 4 °C 
and then incubated with NCL-b-DG, clone 56, VIA4-1 
or US Bio antibodies at 1:50, 1:500, 1:100 and 1:1000 
dilutions, respectively, in the same blocking solution for 
2 h at room temperature. Following three washes with 
PBST, membranes were incubated with horseradish 
peroxidase-conjugated secondary anti-mouse IgG 
(1:10000, Amersham Pharmacia, Biotech UK) or, in the 
case of US Bio, anti-mouse IgM (Vector Laboratories, 
UK), at room temperature for 30 min and the signal was 
then visualised on films using the enhanced chemilumi- 
nescence (ECL) plus kit (Amersham Pharmacia Biotech, 
UK). As a negative control, the primary antibody was 
omitted from the incubation mixture and the rest of the 
protocol was performed as described above. Rat brain 
and human skeletal muscle were used as positive 
controls (detecting specific bands of 130 and 156 kDa, 
respectively). 

2.6. Reverse transcriptase-polymerase chain reaction 
analysis 

Total cellular RNA was extracted from SCC cells 
using the total RNA isolation system (Promega, 
Southampton UK) according to the manufacturer's 
instructions. RNA samples (3 ug) were digested with 3 
U of amplification grade deoxyribonuclease I (Life 
Technologies, Paisley, UK) for 20 min at room tem- 
perature to eliminate the contaminating DNA. Half of 
the resulting RNA sample was reverse-transcribed at 
42 °C using 200 ng of random primers, 400 U of 
Superscript II reverse transcriptase (Life Technologies, 
Paisley, UK) and 40 U of RNasin (Promega, South- 
ampton UK) in a final volume of 50 ul. The remaining 
RNA was used to prepare a control sample in which 
the reverse transcriptase was omitted. One to two 
microlitre aliquots of each sample were used for re- 
verse transcriptase-polymerase chain reaction (RT- 
PCR) analysis in a 50 ul reaction volume containing 
200-500 nM primers, 3 mM MgCl 2 , 200 uM of each 
deoxynucleoside triphosphate (dNTP) and 2.5 U of 
Tag polymerase (Qiagen, Crawley, UK or Life Tech- 
nologies, Paisley, UK). 

Two primer sets were designed and used as described 
before [12]. 


2146 


J. Jing et al. t European Journal of Cancer 40 (2004) 2143-2151 


Set 1: Gly-lRv: 5'-CGCGGGTGATGTTCTG- 
CAGGGTGA-3' and Gly-2Fvd: S'-ACCCA ACCAG- 
CGCCCAGAGCTCAAG-3'. 

Set 2: Gly-lRv: as above and Gly-3Fvd: 5'-AT- 
GGCTCCTCCAGTCAGGGATCCTG-3'. 

Cycling conditions were: 94 °C for 4 min, followed by 
35 cycles of 94 °C for 60 s, 55 °C for 60 s, 72 °C for 60 s 
with a final extension step of 72 °C for 7 min. 

PCR products were resolved by electrophoresis in 1- 
2% agarose gels and visualised by ethidium bromide 
staining. 


3. Results 

We initially analysed the localisation of a- and P-DG 
in normal human squamous epithelium (tongue). Both 
a- and p-DG were found to co-localise in the basal cell 
layers of the squamous epithelium (Figs, 2(a) and 1(a), 
respectively). Staining with P-DG was concentrated al- 
most exclusively on the basolateral surfaces of the basal 
cell layer, while weak staining with ot-DG was also 
present in the upper layers. The specificity of staining 
with both antibodies was confirmed by an internal tissue 



Fig. 1. Irtimunolocalisation of P-dystroglycan (P-DG) in normal oral epithelium and oral cancer. Mouse monoclonal anti-P-DG antibody: NCL-b- 
DG (Novocastra) was used in this study, (a) Normal oral epithelium. Note the strong staining in the basal cell layer (arrows) and in blood vessels in 
the stroma (open arrow). (bHO Oral cancers (b). Soft palate squamous cell carcinoma (SCC), moderately/poorly differentiated. Strong expression in 
cancer cells in areas directly in contact with the stroma (arrows), (c) Soft palate SCC, moderately differentiated. Note the strong expression in cancer 
cell membranes in the entire tumour mass, (d) and (f) Tongue SCC, poorly differentiated. Note the complete lack of p-DG expression in the tumour 
mass (arrows) with strong expression in the muscle fibre membranes (e). SCC metastasis in a neck lymph node (arrows). The primary tumour from 
which this metastasis developed is shown in (b). Magnifications: (a), (e) and (f) 400x; (b) lOOx; (c) and (d) 200x. 
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control as there was strong expression in the sarco- 
lemtna of the adjacent skeletal muscle fibres (Figs. 1(d) 
and (0 and 2(a)). There was also clear staining with p- 
DG antibody present in the blood vessels within the 
tissue (Fig. 1(a)). 

In contrast, this pattern of expression was completely 
altered in the samples from 11 cases of primary oral 
SCCs (tongue, 8; soft palatopharyngeal, 3). Unlike the 
specific expression pattern in normal epithelium, the P- 
DG staining in cancer tissue was highly variable. In 
three cases, the cancer cell membranes in areas directly 
in contact with the stroma showed strong staining, re- 
sulting in clearly delineated clusters of cancer cells 
(Fig. 1(b)). This resembled the pattern of staining found 
in the normal epithelium where the basal cell layer in 
contact with basal lamina was strongly positive. In two 
other oral cancer samples, the p-DG staining was sig- 
nificantly increased. The expression was no longer lo- 
calised to the margin of the tumour mass, but most 
cancer cells were immunopositive, with both membrane 
and cytoplasmic staining being clearly noticeable 
(Fig. 1(c)). Finally, in three other cases the expression of 
P-DG was completely absent from the cancer cells 
(Fig. 1(d) and (f)). In the same samples, the membranes 
of skeletal muscle found between the infiltrating cancer 


cells were strongly positive (Fig. 1(d)). Apart from the 
blood vessels, all the stromal cells were negative for p- 
DG. 

In contrast to P-DG, the ot-DG staining was entirely 
absent from all the oral SCC samples (Fig. 2(b)-(d)). 
The skeletal muscle membranes between the infiltrating 
cancer cells were strongly positive (Fig. 2(b)), confirming 
staining specificity. 

The same P- and ot-DG antibodies failed to detect any 
staining in metastatic cancer in lymph nodes of the neck 
(Fig. 1(e)). These nodes were dissected from the two 
cases from which the primary carcinomas were analysed 
and found to be positive for P-DG. 

To confirm these immunolocalisation findings, we 
analysed protein extracts from rat skin and primary 
SCC samples, which were used in the immunohisto- 
chemical studies (Fig. 3(a)). In skin and skeletal muscle 
samples used as positive controls, we found one band of 
the expected size (43 kDa). In all tumour samples, there 
were different proportions of two bands (43 kDa and a 
weaker ^30 kDa band), the higher molecular mass band 
corresponded to the expected size for p-DG. In one 
sample (oral carcinoma), we found a band of ^80 kDa, 
with little or no bands of 43 and «30 kDa. This large 
band was detected with two p-DG antibodies (against 



Fig. 2. Immunolocalisation of c-dystrogiycan («-DG) in normal oral epithelium and in oral cancer, (a) Normal oral epitheUum ■ ^ »^ 
iJL* 5n w*i «ii Wr farrow! in muscle sarcolemma and blood vessels in the stroma (arrows), (b)-(d) Oral cancer, note a total lack of a-DG 


located in the basal cell layer (arrow), in muscle sarcolemma a . . , crr , nnnAv ^iffpr 

staining in the tumour mass, while the skeletal muscle membranes are clearly stained, (b) Tongue squamous cell carcmoma (SCC) poorly d ffe 
"d ™0 Neck lymph node metastasis originating from a soft palate tumour, (d) Soft palate SCC, moderately d.fferent.ated. Magn.ficat.ons. 

(a) lOOx; (b) 400x; (c) and (d) 200x. 
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Fig. 3. Western blotting analysis of a- and p-dystroglycan (a- and p-DG) in oral cancer, (a) Protein samples from oral cancers and squamous cell 
carcinoma (SCC) lines (SCC-4, 9, 15 and 25) were processed for Western blotting and probed with P-DG antibody, (b) Effects of matrix metallo- 
proteinase (MMP) inhibition on p-DG degradation, (c) Imraunoblotting analysis of ot-DG with VIA4-1 antibody, (d) Immunoblotting analysis of a- 
DG with US Bio antibody. 


the N- and C- terminal epitopes), and corresponds to an 
improperly processed DG protein. 

The same blots probed with the ot-DG antibody used 
in the immunolocalisation analysis (VIA4-1) were neg- 
ative in all tumour samples (data not shown). Different 
protein extraction procedures, use of varying sets of 
protease inhibitors and different amounts of protein all 
gave identical results. However, when another ot-DG 
antibody was used (US Bio), two weak bands were de- 
tected, one corresponded to the expected size of ot-DG 
and a smaller one. This smaller band was fuzzy and 
sometimes appeared as a doublet (Fig. 3(d)). In the 
control muscle samples, only a single, expected size band 
was observed. 

Western blotting was carried out to analyse proteins 
extracted from several human SCC cell lines. In all of 
the cell lines, the same p-DG antibody detected a com- 
mon 43 kDa band, identical to that in control skeletal 
muscle extracts and corresponding to the expected size 
for P-DG. In addition to this band, there was again a 
band of reduced molecular mass (about 30 kDa) in all of 
the cell lines (Fig. 3(a)). In three cell lines (SCC-25, SSC- 
4 and SSC-9), this band was more abundant than the 43 


kDa band. When we used an antibody (BD Bioscience) 
recognising an epitope located in the middle of the P- 
DG molecule (as opposed to the C-terminal epitope 
targeted by the first antibody), only the 43 kDa band 
was detected (data not shown). 

In some normal tissues [42] and cancer cell lines 
[25,32], P-DG can be degraded by the MMPs. To study 
whether the «30 kDa protein was identical with this 
product of P-DG proteolysis, we studied the effects of 
inhibition of MMP activity on the P-DG protein in SCC 
lines. We found that in SCC-9 cells cultured in the 
presence of the pan-MMP inhibitor GM6001 (Ilomas- 
tat), there was a drastic decrease in the level of the lower 
molecular size band and a concomitant increase in the 
intensity of the normal P-DG protein (Fig. 3(b)). At the 
concentration used (25 uM), GM6001 inhibits a range of 
MMPs including i, 2, 3, 8, 9, 12 and 14. However, the 
same treatment of SCC-25, SCC-4 and HT-29 cells 
(colorectal cancer cell line used as a positive control for 
P-DG degradation) showed no significant effects 
(Fig. 3(b)). Moreover, use of the specific MMP2/MMP9 
inhibitor IV had no effect in any cell line studied (data 
not shown). 
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Fig. 4. Reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis of dystroglycan (DG) mRNA expression in squamous cell 
carcinoma (SCQ cells. The figure shows representative examples of 
agarose gel analysis of amplification products obtained with two spe- 
cific primer sets. Lane 1: 100 bp ladder (Gibco-BRL). No-RT - neg- 
ative control used to exclude genomic DNA contamination. 

Interestingly, as in the primary tumour samples, in all 
SCC lines the ot-DG antibody (VIA4-1) used for Wes- 
tern blotting gave negative results (Fig, 3(c)). However, 
another ot-DG antibody (US Bio.) produced two bands, 
one of the expected size and another, smaller one 
(Fig. 3(d)). The smaller band often appeared as a dou- 
blet and in SCC cells further weak bands of variable size 
were often visible. 

To analyse whether the lack of a-DG expression and 
aberrant P-DG expression could be the result of mRNA 
processing and to confirm the specificity of results ob- 
tained, we used two DG-specific primer sets in a RT- 
PCR analysis to amplify the pan-DG transcript. In all of 
the cell lines, the ot/P-DG mRNA was clearly detectable 
and no major rearrangements within the region tested 
were found (Fig. 4), thus confirming the presence of 
DGs in SCC cells. 


4. Discussion 

DG a/p is a transmembrane/extracellular protein 
linking the extracellular basement membrane, cell 
membrane and intracellular cy to skeleton, providing 
structural integrity and interacting with a complex of 
proteins with putative signalling roles. To our knowl- 
edge, this is the first study demonstrating aberrant ex- 
pression, processing and degradation of DG in oral 
SCCs. 

We found that P-DG expression varies substantially 
among oral SCCs. In general, reduced expression of this 
subunit was more frequently associated with poorly 
differentiated tumours and increased expression was 
found in moderately/well-differentiated cancers. More- 
over, the pattern of tumour staining was distinctive. In 
well-differentiated samples, the P-DG localised primarily 
on the tumor margin, resembling the staining pattern 


found in normal squamous epithelium. Moreover, we 
found a loss of p-DG expression in lymph nodes me- 
tastases, despite the presence of p-DG in the corre- 
sponding primary tumours. Unlike Hosokawa and 
colleagues [20], who found increased expression of P- 
DG in vascular endothelial cells within malignant tu- 
mours, we did not observe such an increase in oral 
cancer metastases. Our data is consistent with the recent 
results by Sgambato and colleagues [32]. This large se- 
ries of breast and colon cancers showed a heterogeneous 
DG expression and low expression correlated with a 
higher tumour stage, high proliferation index and lower 
overall survival. 

In addition to the variability in P-DG expression, we 
found no evidence of ot-DG expression in the cancer 
tissues and SCC lines we investigated in this study with 
the VIA4-1 antibody. However, when another a-DG 
antibody was used, several immunoreactive bands were 
detected. Unfortunately, this antibody is not suitable for 
immunolocalisation. Nevertheless, this result indicates 
that the difficulty in detecting a-DG using the first an- 
tibody might be due to an altered post-translational 
processing, especially glycosylation of this protein in 
oral cancer. This would be in agreement with the de- 
tection of normal DG transcripts in our RT-PCR 
analyses. Abnormal glycosylation of DG has been found 
to be responsible for a number of human diseases [29] 
and abnormalities in glycosylation may play a role in 
cancer [24]. 

The significance of such a reduction/aberrance in DG 
expression in oral SCCs is currently unclear. DG is 
known to be involved in epithelial differentiation 
[6,8,21,30], epithelial cell migration/repair after injury 
[38] and interactions with basement membrane compo- 
nents [41]. Invasive growth of cancer cells is a complex 
process involving specific interactions between tumour 
cells and the orderly, integrated complexes of the ECM. 
Maintained integrity or disruption of the basement 
membranes has been proposed to play a critical role in 
regulating cancer invasion and metastasis. Components 
of the basement membrane and its overall structure are 
altered during tumour invasion [40]. 

We have shown here that the reduced expression of p- 
DG in oral cancer tissues and SCC lines in vitro was 
accompanied by increased levels of a kDa product. 
This band was only detected by an antibody recognising 
the C-terminal epitope. This indicated that this smaller 
band was a N- terminally truncated form of P-DG. This 
observation is consistent with other data where this 
truncated form has been observed in other cancers 
[25,32]. 

An important group of proteolytic enzymes that are 
capable of degrading the basement membrane, as well as 
certain cell membrane proteins, are the MMPs [22]. We 
found (in one cell line) that the proteolysis of the 
P-DG subunit may be inhibited by a pan-matrix MMP 
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inhibitor. This agrees with observations made by Ya- 
mada and coworkers [42] in some normal tissues. 
However, we also found that the mechanism of p-DG 
degradation can vary dramatically in specific SCC, de- 
spite their common origin (all SCC lines used in this 
study were derived from tongue cancers). In three out of 
four cell lines, MMP inhibitors were ineffective. At the 
concentrations used in this study, GM6001 should in- 
hibit MMP 1, 2, 3, 8, 9, 12 and 14, while SB3-CT should 
block MMP 2 and 9 function. We are currently analy- 
sing the proteinases expressed in SCC cell lines. There is 
evidence linking the activity of MMPs with both tumour 
invasion and metastasis in many tumours, including oral 
SCC [9,23,37,44] and the high activity of proteinases in 
oral carcinomas appears to be responsible for the highly 
invasive nature of these tumours [1,9,23]. 

Importantly, the data described here shows that, in 
addition to basement membrane proteins, p-DG may be 
yet another target for proteolytic degradation. Yamada 
and colleagues [42] showed that such processing disin- 
tegrates the DG complex and disrupts the link between 
the cells and the ECM. 

Adhesion molecules, including DG, have multiple 
functions; they are critically important for proper tissue 
growth, differentiation and maintenance of cytoarchi- 
tecture. DG regulates the distribution of caveolin-3, 
which, in turn, affects oc-integrin 7 receptor expression 
[5,35], Therefore, dysregulation of DG may directly alter 
its binding to the ECM and indirectly affect adhesion via 
integrin pathways. 

Moreover, degradation of [3-DG may also affect cell 
signalling. P-DG itself is implicated in intracellular sig- 
nal transduction via its interactions with Grb-2, an 
adaptor protein involved in several signalling pathways 
[31,34,43]. Furthermore, DG is part of the larger com- 
plex of dystrophin/utrophin-associated proteins (DAP) 
anchoring specific signalling molecules e.g., nitric oxide 
synthase [2], protein kinases [13,17,26] and specific ion 
channels [11]. Finally, hAG-2 and hAG-3, two unique 
secreted proteins involved in differentiation, interact 
with ot-DG in a subset of breast cancers [10]. 

It is therefore, clear that the disruption of the DG 
complex may have far-reaching consequences other than 
just a loss of attachment to the basal lamina. 

It has been shown that a lack of or altered glycosyl- 
ation of brain DG in mouse knockouts results in dis- 
ruption of the whole DAP complex [27,28]. It is 
conceivable that in cancer cells degradation of P-DG 
and aberrant processing/glycosylation of ot-DG may 
have the same effect on DAP and result in changes in the 
properties of this complex. 

In conclusion, our study indicates that abnormalities 
in DG expression may be a common feature in carci- 
nogenesis and that the role of DG in cancer develop- 
ment and spread, although currently unclear, may be 
important. Considering the multifaceted role of DG in 


epithelial development, further studies into the clinical 
implications of these processes and into abnormal DG 
expression and processing in oral SCCs and in cancers in 
general are warranted. 
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Summary Abnormalities in the interactions between tumour cells, adhesion molecules 
and extracellular matrix proteins are often implicated in the behaviour of carcinoma 
cells. The a- and p-dystroglycan (DG) proteins form part of the large dystrophin- 
associated protein (DAP) complex. They are involved in epithelial cell development, 
formation of the basement membrane and maintenance of tissue integrity. Specific 
changes and reduction or loss of DG expression have been reported in human breast, 
colon, head and neck, and prostate cancers, implicating it in tumour invasion and 
dissemination. Degradation of (3-DG by matrix metalloproteinase (MMP) enzymes may 
assist tumour dissemination. We report the present knowledge of the DG interactions 
in solid tumour biology. 
© 2004 Elsevier Ltd. All rights reserved. 


Introduction 

Cell -cell and cell -extracellular matrix interactions 
are essential in the development and maintenance 
of normal tissue cytoarchitecture and play an 
important role in the development and progression 
of many types of cancer. Abnormalities in the 
interactions between tumour cells and extracellu- 
lar matrix proteins are often implicated in the 
aberrant behavior of carcinoma cells and defects in 
the structure and function of basement membranes 
often occur in metastatic disease. 1 

The roles of different adhesion molecules and 
their binding ligands are not fully understood. It is 
clear that these proteins have multiple functions. 
They connect epithelial cells to the basal lamina 
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and contribute to exchange of information with the 
extracellular environment, connect and organize 
the cytoskeleton, and participate in signal trans- 
duction processes. 1 As such, adhesion molecules 
are critically important for proper tissue growth, 
differentiation and maintenance of cyto-architec- 
ture. Until recently, studies on the cell adhesion 
molecules in cancer concentrated mainly on the 
integrin protein family. 1,2 However, there is a 
growing body of evidence that other adhesion 
proteins may play an equally important role. 
There has been considerable interest in recent 
years in the role that dystroglycan (DG) and related 
proteins play in cancer. 

Dystroglycan receptor 

Dystroglycan (DG) is a cellular receptor expressed 
by a variety of tissues, interacting with extracellu- 
lar proteins including laminin, perlecan and agrin, 3 
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and membrane proteins such as the neurexins. 4 The 
biosynthesis and the structure of DG are complex. 3 
DG is a product of a single gene but the primary 
peptide is post-translationally cleaved, resulting in 
two protein subunits (a and P), which interact to 
form a functional non-covalent complex, p-dystro- 
glycan (P-DG) is a 43 kDa transmembrane protein, 
while the predicted 72 kDa a-dystroglycan (a-DG) 
peptide undergoes further post-translational modi- 
fications resulting in a heavily glycosylated extra- 
cellular protein. Its molecular mass can vary in 
different tissues (120- 180 kDa), depending on the 
degree of glycosylation. Dystroglycan exists in a 
tight association with either dystrophin or its 
autosomal homologue-utrophin and plays a signifi- 
cant part in a complex of proteins assembled 
around them. 

Functions of dystroglycan 

In muscle, where its role has been characterized 
most extensively, a and p DG functions as a part of 
a large dystrophin-associated protein (DAP) com- 
plex. This contains an array of transmembrane, 
cytoplasmic and extracellular proteins crucial for 
proper muscle function. Dystrophin and utrophin 
bind actin filaments of the cytoskeleton. Therefore, 
a/p DG is a transmembrane/extracellular protein 
complex linking the extracellular basement mem- 
brane (e.g. laminin), cell membrane and the 
intracellular cytoskeleton, and provides structural 
integrity. It also interacts with a complex of 
proteins with different properties, including puta- 
tive signaling roles (Fig. 1). Mutations disrupting 
this complex result in muscular dystrophy. How- 
ever, DG has an increasingly recognized important 
role in non-muscle tissues. Knockout of the DG gene 
in mice results in embryonic death in utero. This 
early lethality is caused by disruption of the 
Reichert's membrane-an early basement mem- 
brane. 5 Later in foetal development this protein 
has a crucial role in kidney and salivary gland 
epithelial morphogenesis. 6 DG is expressed by 
squamous epithelium 7 at the basal interfaces of 
the cells directly apposing basement membranes. 
DG disruption results in neuronal migration errors in 
the developing brain. 8 All these studies point to DG 
having a role in epithelial and neuronal cell 
development, formation of the basement mem- 
brane and maintenance of tissue integrity. 9 Dystro- 
glycan expression and its interactions with other 
proteins such as laminin may be a prerequisite for 
the deposition of other basement membrane 
proteins. 9 

DG regulates the distribution of caveolin-3 in 
epithelial tissue and the subsequent expression of 
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the alpha-integrin 7 receptor. 10,11 Therefore, dys- 
regulation of DG probably also affects cellular 
adhesion via integrin pathways. Abnormal 
expression of DG not only results in the disruption 
of the structural link between the extracellular 
matrix, the cell membrane and the intracellular 
cytoskeleton, but also leads to changes in cell shape 
and loss of adhesion. It may also affect signaling 
pathways. Dystroglycan itself is implicated in 
intracellular signal transduction via its interactions 
with Grb-2, an adaptor protein involved in several 
signaling pathways. 12 Being part of the larger 
complex of dystrophin/utrophin associated pro- 
teins (DAP), dystrogylcan and related protein 
subclasses (such as the syntrophins) are responsible 
for anchoring specific protein kinases. 11,13 hAG-2 
and hAG-3, two unique secreted proteins involved 
in cellular differentiation, interact with a-DG in a 
subset of breast cancers. 14 It is, therefore, clear 
that disruption of the DG complex may have far 
more reaching consequences than just a loss of 
attachment to basal lamina. 

Dystroglycan and solid tumours 

Specific changes in DG expression have been 
described in human breast, colon and prostate 
cancers. 15 " 17 A large series of breast and colon 
cancers showed heterogeneity of p-DG expression 
and low or absent a-DG expression when compared 
to normal epithelial tissue. 17 Low or absent a-DG 
correlated with a higher tumour stage, high 
proliferation index and lower overall survival in 
these cancers. Reduced a-DG has been demon- 
strated in prostate cancer, which was also associ- 
ated with tumour progression. 16 We have recently 
found similar results in oral squamous cell carcin- 
omas 18 and in skin cancers. We demonstrated that 
loss of both p-DG and a-DG was a consistent finding 
in lymph node metastasis from patients with a 
primary oro-pharyngeal tumour. 18 These studies 
indicate that abnormalities in DG expression can be 
a common feature in carcinogenesis and may play a 
role in tumour spread and metastasis. DG proteins 
may have a far wider role than just an epithelial 
cell- basal lamina interaction. p-DG appears to have 
a role to play in angiogenesis since its immunohis- 
tochemical expression is increased in vascular 
endothelium within malignant tumours, although 
it is not expressed in normal endothelium. 19 It also 
appears to be involved with cellular differentiation, 
since it interacts with a number of proteins involved 
in this process in breast cancer. 14 Loss of DG also 
results in loss of polarization of breast cancer 
cells. 20 Taken together, these processes suggest 
that DG has many other functions both in normal 
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Laminin-2 Basal membrane 



Figure 1 The complex relationship of the dystrophin associated protein complex and related proteins to the cell 
membrane and basal lamina. 

epithelium and cancer, which warrant further 
evaluation. 

Degradation of dystroglycan by matrix 
metalloproteinases 

Disruption of the basement membranes occurs in 
cancer invasion and metastasis. An important group 
of proteins involved in metastasis are the matrix 
metalloproteinases (MMPs). These highly homo- 
logous proteolytic enzymes are involved in the 
degradation of basement membrane and other 
extracellular components as well as certain cell 
membrane proteins. The overall effect of MMP 
depends on the interaction and an alteration in 
balance with their natural inhibitors, tissue inhibi- 
tors of metallo-proteinases (TIMP). 21 ' 22 MMP-2 
and MMP-9 activity correlates with both tumour 
invasion and metastasis in many tumours, and 
expression of these enzymes may also correlate 
with poor outcome. 23 25 DG is another target of the 
MMP family. Yamada et al. 26 showed that p-DG 
degradation by MMP disintegrates the DG complex 
and disrupts the link between epithelial cells and 
the extracellular matrix via the dystroglycan com- 
plex. It was concluded that this mechanism could 
have profound effects on cell viability, and that 
dystroglycan may play a crucial role in the 
molecular pathogenesis various muscular dystro- 
phies. 26 The results of this study can be extra- 
polated such that MMP-dependent disruption of the 


DG complex might play an important role in human 
tumour development and progression. In our own 
studies, we found that p-DG degradation in cancer 
cell lines was inhibited with the pan-MMP inhibitor 
drug llomastat in head and neck cancer. 18 However, 
since this proteolysis may be executed by a broad 
spectrum of MMPs, attempts to use specific MMP 
inhibitor drugs to control such degradation may be 
difficult. 

The data suggests that, in addition to basement 
membrane proteins, p-DG is yet another target for 
AAMP activity in cancers. However, while MMPs are 
certainly involved in the DG proteolysis in specific 
SCC cells, such degradation is not necessarily 
dependent on one particular type of MMP but rather 
can be executed by a range of proteinases. 
Different cancer cells producing specific subsets of 
MMPs would still be able to degrade p-DG. There- 
fore, MMP-dependent disruption of the DG complex 
might play an important role in human tumour 
development and progression. 


Conclusions 

Adhesion molecules, including DG, have multiple 
functions. Not only do they connect epithelial cells 
to the basal lamina, but they also contribute to 
exchange of information with the extracellular 
environment, connect and organize the cyto- 
skeleton, and participate in signal transduction 
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processes. They are critically important for proper 
tissue growth, differentiation and maintenance of 
cytoarchitecture. When considering the multi- 
faceted role of DG in normal epithelial cell 
development, further studies into the clinical 
implications of these processes and into abnormal- 
ities of DG expression and processing in all the 
common cancers and in carcinogenesis in general 
are warranted. It appears that the role of DG both in 
cancer development and spread, although currently 
not understood, may be significant. 
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EXHIBIT D 


Dystroglycan: Emerging Roles in Mammary Gland Function 


M. Lynn Weir 1 and John Muschler 1 * 2 


Dystroglycan (DG) is a single receptor that binds to multiple basement membrane proteins 
and forms a transmembrane link to the actin cytoskeleton. It was first isolated as a component 
of the dystrophin-glycoprotein complex, which plays a role in the maintenance of muscle cell 
integrity and is defective in many muscular dystrophies. Although studied most extensively in 
muscle tissues, DG is present at most cell-basement membrane interfaces, and only recently 
has investigation of DG functions in nonmuscle cells gained momentum. Information emerging 
from recent studies in epithelial cells is implicating DG in a wide range of critical cell responses 
to the basement membrane, ranging from organization of tissue architecture to cell survival. 
Moreover, DG functions appear to be frequently absent in carcinoma cells, implicating its loss 
in cancer progression. Although many questions remain as to its precise role in mammary 
tissue, DG is emerging as a potentially important player in mammary gland function. 

KEY WORDS: dystroglycan; laminin; epithelial; carcinoma; mammary; breast. 


INTRODUCTION 

It has been well established that receptors for. 
basement membrane (BM) proteins are essential reg- 
ulators of mammary epithelial architecture and func- 
tion, with particular importance given to receptors for 
laminins. BM receptors expressed in mammary ep- 
ithelial cells are known to mediate signals for growth 
inhibition, cell shape and cytoskeletal changes, sur- 
vival, polarization, and tissue-specific gene expression 
(1-4). It is also well established that the response of 
cells to the BM is altered in breast carcinoma cells, 
and that such alterations are critical steps in cancer 
progression (5). Revealing the distinct and coopera- 
tive functions of BM receptors in mammary epithe- 
lial cells is required to understand the regulation of 
normal mammary development and the signaling al- 
terations leading to the progression of breast cancer. 
However, dissection of the exact roles played by BM 
receptors operating in mammary development and 
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differentiation has proceeded slowly. Among these 
receptors, the greatest attention has been given to 
the well-characterized integrin family. But, attention 
is increasingly turning to other, nonintegrin BM re- 
ceptors, which are proving to have important roles in 
the mammary gland distinct from those of integrins 
(e.g-(6J)). 

One of the latest BM receptors to be impli- 
cated in mammary epithelial function is dystrogly- 
can (DG). DG is a single receptor that binds to 
multiple BM proteins, including laminins and per- 
lecan (8-14). DG was discovered in the study of 
muscle cells, where loss of DG function has been 
implicated in the pathology of some muscular dys- 
trophies (15,16). Consequently, intense investigation 
has focused on DG's roles in muscle biology and, al- 
though DG was identified more than a decade ago, its 
characterization in epithelial cell function has lagged. 
So few studies have directly addressed DG's role in 
mammary epithelial cells (or even in epithelial cells) 
that this subject could be argued not to justify a re- 
view. Yet, the information that exists, pooled from 


Abbreviations used: BM, basement membrane; DG, dystroglycan; 
ECM, extracellular matrix; ES, embryonic stem; LG, laminin 
G-like; T4-2, HMT-3522-T4-2. 
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work in a variety of cell types, strongly suggests im- 
portant roles for DG in normal mammary epithe- 
lial development and homeostasis, including growth 
control, cell polarization, cell survival, tissue mor- 
phogenesis, BM assembly, cytoskeletal organization 
and tissue-specific gene expression (see below). Cou- 
pled with this information is the observation that 
DG function is clearly compromised in many carci- 
noma cells, and such a loss likely contributes to can- 
cer progression (see below). Therefore, the roles of 
DG in mammary gland function and breast cancer ap- 
pear to comprise important and neglected avenues of 
research. 

It is the purpose of this review to introduce DG 
to the field of mammary gland biology and to sum- 
marize what is known of its functions as they relate 
to the mammary gland and its pathology. This infor- 
mation will be pooled from work in a variety of cell 
types and from the few intriguing studies in epithelial 
cells. 


DG DISCOVERY / 

What we currently know (and don't know) 
about DG is the consequence of its initial dis- 
covery in skeletal muscle cells and its high rele- 
vance to muscular dystrophies. DG was first iso- 
lated in 1990 during the search for membrane 
molecules associated with dystrophin, the cytoskele- 
tal protein that is defective in Duchenne's mus- 
cular dystrophy (17). These efforts resulted in the 
discovery of a novel complex of glycoproteins, la- 
beled as the "dystrophin-glycoprotein complex" (18). 
Subsequent cloning of these molecules revealed 
the complex to consist of multiple transmembrane 
molecules (15). The dystrophin-glycoprotein com- 
plex from skeletal muscle cells is illustrated in Fig. 1. 
DG forms the core of the complex and is com- 
posed of two subunits, a and The £-DG sub- 
unit spans the membrane, while the a-DG sub- 
unit is held to the cell surface by noncovalent 



Fig. 1. Structure of the dystrophin-glycoprotein complex in skeletal muscle cells. The a- and 
^-subunits of dystroglycan (DG), sarcoglycans (SRG), and sarcospan (SSP) comprise the 
main proteins of the complex. Cytoplasmic binding partners include dystrophin/utrophin 
(DYS/UTR), dystrobrevin (DB), and syntrophins (SYN). The complex serves as a transmem- 
brane link between basement membrane (BM) proteins and the actin cytoskeleton. (PM - 
plasma membrane.) 
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interactions with £-DG. Other members of the 
dystrophin-glycoprotein complex include the trans- 
membrane proteins, sarcoglycans, and sarcospan. 
This complex, in turn, interacts with multiple cyto- 
plasmic proteins, including dystrobrevin, syntrophin, 
utrophin, and dystrophin, the latter two linking to 
actin. 

Almost immediately following the isolation of 
DG, it was recognized that the a-subunit binds to 
laminin-1 with high affinity, revealing a- and /J-DG 
to be two components of a transmembrane link be- 
tween the extracellular matrix and the actin cy toskele- 
ton (19). In retrospect, it was revealed that a-DG 
had been identified at least twice previously through 
its high affinity interactions with laminin; a-DG was 
reported in 1987 as a laminin-binding protein, then 
named "cranin," which was present in many cultured 
cell types, from fibroblasts to neural cells (20), and 
was identified again in 1988, as a laminin-interacting 
receptor in chick neural tissue (21). 

Following characterization of the dystrophin- 
glycoprotein complex in muscle cells, it was recog- 
nized that DG expression is widespread, being evident 
in muscle, neural tissue, and in epithelia, including 
those of the mammary gland (19,22,23). In epithe- 
lia, DG is primarily polarized to the basal domain, 
as expected of a BM receptor. Some pericellular im- 
munostaining of DG was also observed in mammary 
epithelial cells in vivo, and DG has been reported at 
cell-cell contacts in MCF-10 breast epithelial cells 
(22,24). The localization of DG at the basal side 
of mammary epithelial cells was the first indication 
that it might play an important role in these cells' 
function. 

Extensive information has been assembled about 
the molecular characteristics of DG and about DG- 
associated molecules, although few of these data 
come from investigations in epithelial cells. Even 
the composition of the dystrophin-glycoprotein com- 
plex in epithelial cells is uncertain. Observations in 
kidney and lung epithelia indicate that most sarco- 
glycans and sarcospan are not expressed (25). In 
muscle cells, some sarcoglycans are necessary to 
stabilize a-DG at the cell surface (26-28); there- 
fore, presumably some DG-associated molecules are 
present in epithelial cells to carry out similar func- 
tions. Syntrophin and dystrobrevin are found in kid- 
ney epithelial cells (29,30), as are dystrophin iso- 
forms and utrophin (25,29,31). But, the presence 
of dystrophin-glycoprotein complex components in 
mammary epithelial cells has not been directly 
tested. 


MOLECULAR CHARACTERISTICS OF DG 

In mammals, DG is encoded by a single gene, 
DAG1, consisting of two exons and one intron, with no 
evidence of alternate spliced exons (19,32,33). In hu- 
mans, the DG gene is located on chromosome 3 band 
21 (32) and in mice, on chromosome 9 (34). Protein se- 
quence comparisons reveal that DG is a structurally 
distinct molecule and is not a member of a recep- 
tor family. It lacks strong homology with other pro- 
teins, although some homology has been noted with 
immunoglobulin and cadherin-like domains (35,36). 
This lack of significant homology with other molecules 
is remarkable, considering that DG is an ancient pro- 
tein, as are other dystrophin-glycoprotein complex 
components, with homologs identified in Drosophila 
and C elegans (16). The DG protein sequence is highly 
conserved within mammalian species (32). 

Posttranslational cleavage of DG early in pro- 
cessing separates the precursor translation product 
into the two polypeptides, a- and £-DG. The a- 
DG subunit possesses two globular regions separated 
by a mucin-like domain (37). The protein molecu- 
lar mass of a-DG is only 72 kDa, while it migrates 
on polyacrylamide gels between 120 and 200 kDa, 
reflecting extensive glycosylation. The globular do- 
mains include potential sites for N-glycosylation, and 
the mucin-like region includes multiple consensus 
sites for O-linked glycosylation. Most extracellular 
matrix (ECM) binding sites within a-DG appear 
to involve a carbohydrate with an uncommon O- 
mannosyl linkage, presumably within the mucin-like 
region (38). 

The ^-DG subunit, consisting of 241 amino acids, 
contains a potential N-linked glycosylation site at 
its extracellular N-terminal and a single membrane- 
spanning region located in the center of the se- 
quence (19). Within its cytoplasmic domain, there 
are numerous proline-rich (PXXPX) motifs and 
Y(Ph)XXh (Ph = phosphorylation potential; h = 
hydrophobic) sequences, which are recognized by 
SH3 and SH2 domain proteins, respectively (19,39). 
The PPPY sequence at position 889-892 of 0-DG 
is known to be tyrosine phosphorylated in cultured 
cells and tissues in vivo (40-42) and overlaps with 
one SH3 and two SH2 domain protein recogni- 
tion motifs (19,39). This region is of particular im- 
portance for associations with intracellular binding 
partners (see below). The N-terminal extracellular 
region of ^-DG interacts noncovalently with the 
C-terminal portion of a-DG between amino acids 
550-585 (43). 
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EXTRACELLULAR LIGANDS 

DG binds via its a-subunit to many known 
ligands, including: laminin-1 (9), laminin-2 (8,14), 
laminin-10/11 (44), perlecan (8,13), agrin (11), 
neurexin (10), and biglycan (12) (Fig. 2(A)). Those 
ligands for DG that are prevalent in the mammary 
gland are the laminins and perlecan. Expression of 
biglycan has been detected in this tissue, but is not 
widespread (45). Agrin too has been reported in 
epithelial BM (46), but its presence in the mam- 
mary gland has not yet been described. However, 
the National Center for Biotechnology Information 
(NCBI) nucleotide database does contain agrin cD- 
NAs derived from this tissue, suggesting that it is 
expressed. 

Glycosylation of a-DG, presumably within the 
mucin-like domain, allows binding to most ligands in a 
calcium-dependent manner through their "laminin G- 
like" (LG) modules, a protein motif present in many 
ECM proteins (47). So far, the one exception is bigly- 
can, which interacts somewhere within the C-terminal 
globular domain of a-DG (amino acids 494-653), in- 
dependent of glycosylation (12). Whether this site 
overlaps with the binding region for £-DG (amino 
acids 550-585) (43) has yet to be determined. In per- 
lecan, binding to DG has been mapped to the C- 
terminal domain V, which contains the LG modules 
(8). In laminin-1, laminin-2, and laminin-10/11, the 
association with a-DG has been mapped within the 
LG4, LG1-3 plus LG4-5, and LG4-5 regions of their a- 
chains, respectively (Fig. 2(B)) (8,44). The C-terminal 
LG motifs are distinct among different laminin a- 
subunits, and the characteristics of DG binding to 
each is distinct (8,48). The LG4-5 region of laminin 
a2 chain has been crystallized, detailing the structural 
basis for a-DG interaction with this domain (49). The 
binding site of a-DG on laminin-1 is significant be- 
cause the LG4-5 region comprises the "E3 fragment" 
(Fig. 2(B)). This fragment is one of several derived 
from elastase digests of laminin-1 and has been used 
extensively to assign biological functions to receptors 
that interact with this domain. The E3 fragment has 
been applied as a competitive inhibitor of receptor- 
laminin binding in studies of epithelial morphogenesis 
and function, and exhibits clear effects on cell behav- 
ior (see below). Although actions of the E3 fragment 
include DG inhibition, they cannot be attributed to it 
alone with certainty; in addition to DG, the E3 frag- 
ment of laminin associates with heparin, heparan sul- 
fates, sulf atides, some BM molecules, and BM recep- 
tors (8,50). 


Weir and Muschler 

CYTOPLASMIC INTERACTIONS 

Data obtained using immunoprecipitations, Hg- 
and affinity columns and in vitro binding assays sug- 
gest that DG may interact with a large variety of intra- 
cellular proteins via the C-terminus of its £ -summit, 
although the in vivo significance of such associations 
is unknown (Fig. 2(A)). Many of these molecules are 
ubiquitously expressed and, while they have not been 
directly assessed in mammary cells, may associate with 
/i-DG in mammary tissue as well. The extreme C- 
terminus of £-DG is a hotbed of binding activity, 
containing three known sites for protein interaction, 
recognized by SH3, WW, and SH2 domain proteins 
(Fig. 2(A)). Since these motifs are in close proximity, 
there is competition among molecules for association 
with DG. Additional sequences recognized by SH2 
and SH3 domain proteins exist within other regions 
of the £-DG cytoplasmic domain, but have yet to be 
implicated in DG binding. 

One site of interest for £-DG interactions con- 
sists of the proline-rich motif PYVPP at position 891- 
895, a consensus sequence recognized by SH3 do- 
main proteins (39). Immunoprecipitations and Hgand 
affinity columns using skeletal muscle and brain ex- 
tracts show that Grb-2 (growth factor receptor-bound 
protein-2) associates with the C-terminus of £-DG 
(51,52), and in vitro binding assays reveal interactions 
between the Grb2-SH3 domains and the last 20 amino 
acids of /J-DG, which encompass the PYVPP motif 
(53). 

A second site of importance for /J-DG bind- 
ing partners is the PPPY sequence at position 889- 
892. Both dystrophin and utrophin associate with 
this motif in part via a WW domain at their C- 
termini (54). WW motifs, comprising 35 amino acids 
of which two tryptophan (W) residues are essen- 
tial, recognize prolme-rich sequences in binding part- 
ners (54). In vitro binding assays have demonstrated 
that dystrophin inhibits the interaction of £-DG 
with Grb2 (53), presumably due to the overlap of 
recognition sites on ^-DG. Interestingly, immunopre- 
cipitations and in vitro binding assays have shown 
that phosphorylation of DCs tyrosine 892 disrupts 
DG association with dystrophin/utrophin recombi- 
nant domains (40,41). Such phosphorylation is cell 
adhesion-dependent (41), induced by cell attachment 
to ECM proteins (42), enhanced by Src (55) and cor- 
relates with the intracellular localization of £-DG in 
cultured cells and skeletal muscle tissue in vivo (42). 
In vitro binding assays have revealed that the interac- 
tion of DG with dystrophin and utrophin recombinant 
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Fig. 2. Extracellular and intracellular binding partners of dystroglycan. (A) The a-dystroglycan 
sub unit (a-DG) interacts with basement membrane proteins, such as laminin (LN), agrin, 
perlecan, and biglycan, as well as the transmembrane (TM) protein, neurexin. All but one of 
these molecules associate with glycosylated or-DG, presumably within the mucin-like region, 
via their laminin G-like (LG) domains. The £ -dystroglycan subunit (0-DG) may interact 
with many cytoplasmic proteins, including rapsyn, actin, dystrophin/utrophin (DYSAJTR), 
caveolin-1 and -3 (CAV-l;CAV-3), Grb-2 and SH2 domain proteins. Binding sites within amino 
acids 88<MS95 from the C- terminus of 0-DG are shown by lines over and under the sequence. 
Proteins not found in mammary gland are shaded grey. Arrows show protein associations. 
(PHOS — phosphorylation of tyrosine 892; PM = plasma membrane.) (B) Structure of the 
G domain in laminin-1. The C- terminal of the a 1 chain contains five laminin G-like modules 
(LG1-5), of which LG4-5 comprises the E3 fragment, generated by elastase digestion of 
laminin-1. 
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domains is also inhibited by calmodulin, which binds 
to dystrophin and utrophin (56,57). Like dystrophin, 
caveolin-3, a muscle-specific component of caveo- 
lae, also uses its WW domains to associate with the 
PPPY motif in 0-DG (58). Ligand affinity columns 
and immunoprecipitations have shown that caveolin- 
3 can compete with dystrophin recombinant domains 
for binding to DG, but this interaction is not influ- 
enced by phosphorylation of DG's tyrosine 892, un- 
like dystrophin (58). Like mutation of dystrophin- 
glycoprotein complex components, mutation of the 
caveolin-3 gene in humans can cause muscular dys- 
trophy (16). Caveolin-1 also interacts with £-DG, but 
there are conflicting reports as to whether phospho- 
rylation of DG's tyrosine 892 affects binding (55,58). 
Caveolin-1, but not -3, is present in the mammary 
gland (59), but interactions with £-DG have yet to be 
investigated in this tissue. 

A third site for molecular associations with p- 
DG is the YVPP sequence at position 892-895 which, 
when phosphorylated, becomes a consensus sequence 
recognized by SH2 domain proteins (39). This motif 
overlaps with the regions at which WW and SH3 do- 
main proteins bind to DG. When DG's tyrosine 892 
is phosphorylated, dystrophin/utrophin can no longer 
associate with the PPPY site (40,41) and is replaced by 
SH2 domain proteins, such as c-Src, Csk, SHC, Fyn, 
and NCK (55). Such phosphorylation may act as a 
regulatory switch to inhibit binding of certain WW 
domain proteins (dystrophin/utrophin) and allow re- 
cruitment of other WW domain proteins (caveolin) 
and SH2 domain proteins. 

Additional binding partners for DG may include 
actin, which has been shown to interact directly with 
the cytoplasmic domain of yS-DG by yeast 2-hybrid 
and in vitro binding assays (60). Rapsyn is important 
in neuromuscular junction formation and interacts 
with an intracellular site near the transmembrane do- 
main of £-DG (61). Although rapsyn is also expressed 
in nonmuscle cells, there have been no reports of a 
mammary gland presence (62). FAK (focal adhesion 
kinase, pl25) has also been found in the Grb2/DG 
complex from brain, but may bind Grb2, rather than 
DG (52). 


DG FUNCTIONS IN EPITHELIA 

The earliest indications of DG function were 
from muscular dystrophies, where alterations in the 
dystrophin-glycoprotein complex are evident in hu- 
mans and in mouse models of the disease (16). How- 
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ever, these diseases do not involve direct mutation 
of the DG molecule, leaving its precise role unde- 
fined. Knockout of the DG gene in transgenic mice 
results in lethality at embryonic day 6.5, which is at- 
tributed to disrupted formation of Reichert's mem- 
brane, suggesting defects in early BM formation (63). 
Since that study, conditional knockout of DG has been 
achieved in adult skeletal muscle and the central ner- 
vous system of transgenic mice (64-66). These knock- 
outs mimic effects observed in human diseases, pro- 
ducing mild muscle dystrophy with hypertrophy, brain 
malformations, and defects in neural migration. How- 
ever, the exact functions of DG remain obscure, and 
these studies have not shed light on the role of DG in 
epithelial cells. 

To date, only a few publications have addressed 
the role of DG in mammary epithelial cells, with some 
additional studies in other epithelial systems. In ret- 
rospect, the first manipulations of DG function in 
mammary epithelial cells were through use of the 
laminin-1 E3 fragment, which competes with laminin- 
1 for DG binding and inhibits DG's actions. Cultured 
mammary epithelial cells exposed to laminin exhibit 
multiple responses, including growth inhibition, cell 
shape changes, and the induction of tissue-specific 
gene expression (^-casein) (3,4). Intriguingly, the E3 
fragment has been shown to block all of these signals 
(3,4). £1 and «6 integrin-blocking antibodies also in- 
hibit ^-casein expression, but do not mimic the other 
effects of the E3 fragment (4). From these observa- 
tions, it was concluded that a nonintegrin receptor for 
the laminin E3 fragment initiates signals for growth 
inhibition and morphogenic changes in mammary ep- 
ithelial cells, and possibly signals for tissue-specific 
gene expression. The effects of the E3 fragment are 
mimicked by heparin, which also blocks the laminin- 
DG interaction (4), but neither the E3 fragment nor 
heparin is a specific inhibitor for this receptor-ligand 
association. Thus the data at hand suggest that DG 
is involved in basement membrane interactions, but 
firm evidence is lacking. The most direct experiments 
in which DG was manipulated in mammary epithelial 
cells employed overexpression of the DG cDNA in 
breast tumor cells lacking normal responses to BM 
proteins. In the breast tumor cell line, HMT-3522- 
T4-2 (T4-2), overexpression of the DG cDNA ele- 
vated a-DG from low levels (6). Correspondingly, 
T4-2 cells expressing increased amounts of a- and p- 
DG exhibited an enhanced response to BM proteins, 
including cell shape changes, cytoskeletal alterations 
and restricted growth (6). Importantly, correspond- 
ing with the restoration of cell shape changes, the DG 
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overexpressing cells regained the ability to polarize 
and restrict growth in 3D cultures of BM proteins, in- 
dicating that DG can mediate polarity signals known 
to originate from interactions with the BM (6). A role 
for DG in epithelial polarization was subsequently 
supported by genetic manipulations in Drosophila, 
where deletion of the DG gene in chimeric organ- 
isms causes a loss of polarity in the follicle epithelial 
cells (67). In the Drosophila study, cells lacking DG 
(DG-/-) ultimately disappeared from the adult or- 
ganism, suggesting that DG function is also required 
for cell survival. The role of DG in signals for survival 
and ^-casein expression in mammary epithelial cells 
has not yet been directly tested. Another open ques- 
tion is whether DG is expressed in the myoepithelial 
cells of the mammary gland and, if so, what its role 
might be. 

In addition to signals for polarity, DG has also 
been implicated in branching morphogenesis in some 
epithelial tissues (23,68), although this role has not yet 
been addressed in the mammary gland. In kidney ep- 
ithelial cells the E3 fragment of laminin-1 perturbed 
branching morphogenesis in an integrin-independent 
manner (69). Subsequently, antibodies against DG 
or laminin thought to interfere with the DG-laminin 
interaction were demonstrated to disrupt branching 
morphogenesis in kidney, lung, and salivary gland 
(23,68). 

The epithelial cell system where DG function has 
been assessed most thoroughly is in the epiblast layer 
of embryoid bodies. Embryoid bodies are formed by 
culturing of aggregated embryonic stem (ES) cells in 
suspension, where they can recapitulate some events 
of early development. The result is the formation of 
cavitated, multilayered structures consisting of a po- 
larized epiblast cell layer surrounded by a BM and 
an outside endodermal cell layer (70). Using this 
system, it has been demonstrated that cell contact 
with laminin-1 induces BM formation, epiblast polar- 
ization, tissue-specific gene expression, and cell sur- 
vival (70). Embryoid bodies have been generated us- 
ing genetically engineered ES cells lacking the DG 
gene (DG-/-) with contradictory results that in some 
cases suggest an essential role for DG in BM assem- 
bly (71), and in others do not (72). In the latter study, 
DG was found not to be essential for BM assembly or 
epithelial polarization, although subtle alterations in 
BM and epithelial architecture were observed. All the 
same, defects in BM formation have been seen in vivo 
in tissues lacking DG function (38,66,67). The most 
dramatic effect of DG deletion in embryoid bodies 
was on survival of epithelial cells contacting the BM, 


where DG appeared to be essential, consistent with 
observations in Drosophila (67,72). 

The studies listed above suggest that DG may 
be involved in many cellular functions in epithelial 
cells, but results differ between tissues and cell sys- 
tems. Tissue-specific actions of DG may explain some 
of these discrepancies In addition, the competing and 
complementary roles of other BM receptors are cer- 
tain to influence DG function. For example, it appears 
that DG and other BM receptors may compensate for 
each other in signaling BM formation and cell polar- 
ity: studies of embryoid bodies lacking £1 integrins 
revealed that these receptors are also not essential for 
these functions when exogenous laminin-1 is added, 
and there is evidence for the existence of other BM 
receptors (neither DG nor integrin) that bind to the 
LG4-5 domain of laminin and facilitate BM assembly 
(72). Finally, DG and integrins appear to cooperate 
in the polymerization of laminin at the surface of cul- 
tured muscle and ES cells (73,74). In contrast, the ac- 
tions of DG and £1 integrin appeared to be opposed 
in a study of breast epithelial cell polarization: in T4-2 
cells, elevation of DG levels restored cell polarity in 
response to BM proteins (6), while in this same sys- 
tem, elevated expression of £1 integrins caused loss 
of polarity (75). Cross-modulation among BM recep- 
tors and cell signaling pathways also complicates the 
dissection of signals from BM receptors. DG has been 
suggested to suppress the activation of MAPK by a6 
integrins in epithelial cells (76). Loss of DG in skele- 
tal muscle cells causes upregulation of the al integrin 
(64). Deletion of £1 integrins from ES cells results in 
DG overexpression (72). 


DG DEFECTS IN CANCER PROGRESSION 

One of the most consistent observations about 
DG in epithelial cells is that loss of DG function ac- 
companies epithelial cancer progression. When DG 
was examined in breast and prostate tumors by im- 
munohistochemistry, loss of DG detection corre- 
lated with tumor progression (77,78). Examination of 
DG proteins in carcinoma cell lines revealed similar 
trends: a-DG is reduced or not detected in the major- 
ity of them, and its absence is most common in those 
that are invasive (6,33,78). Yet, £-DG is present in 
all cell lines, demonstrating continued expression of 
the DG gene (6,33,78). Transfection and expression of 
the wild-type DG cDNA failed to restore detectable 
of-DG in most cell lines lacking this subunit, indicat- 
ing that loss of a-DG does not result from mutations 
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in the DG gene (6). All of this information points to 
posttranslational modifications playing a role in the 
loss of a-DG detection and its corresponding laminin 
binding function in tumor cells. 

Shedding of a-DG from the cell surface has been 
detected in normal and tumorigenic cells (79,80), and 
may be a normal method for DG regulation that 
becomes excessive in cancer cells. Modifications of 
£-DG by metalloprotease-mediated cleavage of this 
subunit have been observed (33,81), possibly lead- 
ing to shedding of a-DG from the cell surface. How- 
ever, cleavage of yS-DG is not always evident in cells 
lacking detectable a-DG (6), and treatment with pro- 
tease inhibitors, including ones for metalloproteases, 
did not restore functional a-DG to the surface of 
invasive breast carcinoma cells (Singh, Itahana, and 
Muschler, unpublished results). Another possibility 
is that altered glycosylation of a-DG causes loss of 
this subunit's detection and function in carcinoma 
cells. The monoclonal antibodies used to detect a-DG, 
clones IIH6 and VIA4, both depend on carbohydrate 
moieties for epitope binding (9). Therefore, altered 
glycosylation of the a-DG molecule could explain 
loss of detection by these antibodies. Supporting this 
suggestion, immunoprecipitation of the dystrophin- 
glycoprotein complex from surface labeled cells re- 
vealed a smaller (~100 kDa) form of a-DG in invasive 
breast carcinoma cells (e.g. MDA-MB-231 and MDA- 
MB-468), suggesting altered glycosylation (Singh, 
Itahana, and Muschler, unpublished results). 

Several glycosyltransferases have been impli- 
cated in processing the carbohydrates required for 
DG binding to BM proteins, and mutations in some of 
these genes have been demonstrated to cause loss of 
DG function in muscular dystrophies (15). Interest- 
ingly, it now appears that similar defects in DG may 
arise in cancer progression. 

A loss of DG function in breast cancer cells could 
have profound effects on progression of the disease 
since suggested roles of DG include growth inhibi- 
tion, tissue-specific gene expression, cell polarity, tis- 
sue architecture, and BM formation. Defects in each 
of these functions are hallmarks of cancer progres- 
sion, and in carcinoma cells the loss of these attributes 
correlates strongly with loss of DG (6). Overexpres- 
sion of DG in T4-2 cells not only restored polarity 
and growth control, but also reduced the tumorigenic 
potential of these cells when injected into mice (6). 
Therefore, at least in this one cell system, DG appar- 
ently can function as a tumor suppressor. Although 
loss of DG has not yet been directly implicated in in- 
vasion and metastasis, it is evident that DG function 
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is distinctly absent in many invasive carcinoma cells, 
suggesting a possible connection (6) (Itahana, Singh, 
and Muschler, unpublished observation). 

CONCLUSION 

The study of DG signaling and function in mam- 
mary epithelial cells is at a very early stage. Al- 
though DG has been implicated in growth control, 
cell survival, cytoskeletal organization, BM assembly, 
branching morphogenesis, polarity, and tumor sup- 
pression in epithelial cells, many questions remain 
about the degree to which DG participates in each 
of these roles. Discrepancies exist in the assessment 
of DG's functions from one cell system to another, 
including roles in signaling polarity and BM assem- 
bly. Some of these disparities may be explained by 
differences in tissue-specific functions and/or by the 
complement of other BM receptors present that may 
overlap with DG in their effects. Identification of DG 
binding partners has proceeded quickly, but their sig- 
nificance as mediators of DG functions is also unclear. 
A great deal of work remains to place these associated 
molecules within pathways for specific signals ema- 
nating from DG. 

The challenge now is to integrate this molecule 
into the existing knowledge of other adhesion recep- 
tors in mammary epithelial cells and to determine how 
they work together to direct epithelial architecture 
and function in the mammary gland. A thorough un- 
derstanding of DG's roles in this tissue will not only 
be important for dissecting the mechanisms regulating 
normal mammary gland development, but will also be 
critical to discovering the signaling imbalances that 
result from the frequent loss of this BM receptor in 
breast cancer progression. 
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Dystroglycan Expression Is Frequently Reduced in 
Human Breast and Colon Cancers and Is 
Associated with Tumor Progression 
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Dystroglycan (DG) is an adhesion molecule responsi- 
ble for crucial interactions between extracellular ma- 
trix and cytoplasmic compartment. It is formed by 
two subunits, a-DG (extracellular) and 0-DG (trans- 
membrane), that bind to laminin in the matrix and 
dystrophin in the cytoskeleton, respectively. In this 
study we evaluated by Western blot analysis the ex- 
pression of DG in a series of human cancer cell lines 
of various histogenetic origin and in a series of hu- 
man primary colon and breast cancers. Decreased 
expression of DG was observed in most of the cell 
lines and in both types of tumors and correlated with 
higher tumor grade and stage. Analysis of the mRNA 
levels suggested that expression of DG protein is 
likely regulated at a posttranscriptional level. Evalua- 
tion of a-DG expression by immunostaining in a se- 
ries of archival cases of primary breast carcinomas 
confirmed that a-DG expression is lost in a significant 
fraction of tumors (66%). Loss of DG staining corre- 
lated with higher tumor stage (P = 0.022), positivity 
for p53 (P - 0.033) , and high proliferation index (P = 
0.045). A significant correlation was also observed 
between loss of a-DG and overall survival (P = 0.013 
by log-rank test) in an univariate analysis. These data 
indicate that DG expression is frequently lost in hu- 
man malignancies and suggest that this glycoprotein 
might play an important role in human tumor de- 
velopment and progression. (Am J Pathol 2003, 
162:849-860) 


Cellular interactions with the extracellular matrix are im- 
portant factors in the development and progression of 
many types of cancer. Originally characterized as a 
member of the so-called dystrophin-glycoprotein com- 
plex in muscle sarcolemma, dystroglycan (DG) is a trans- 
membrane glycoprotein expressed in a wide variety of 
tissues at the interface between the basement membrane 
and cell membrane linking the extracellular matrix to the 
intracellular cytoskeleton. 1,2 DG is encoded by a single 
gene and is formed on cleavage of a precursor protein 
into two mature proteins that form a tight noncovalent 
complex. 2 * 3 The cell surface-associated (extracellular) 
a-DG binds extracellular matrix molecules, such as lami- 
nins and agrin, whereas the transmembrane J3-DG an- 
chors a-DG to the ceil membrane and is linked to the 
cytoskeleton actin via dystrophin or its paralogue utro- 
phin. 2,4,5 Thus, it has been proposed that DG forms a 
continuous link from the extracellular matrix to the actin 
cytoskeleton, providing structural integrity and perhaps 
transducing signal, in a manner similar to integrins 2,6,7 
DG knockout mice undergo premature death early in 
embiyogenesis and genetic defects of DG have not 
been reported as causes of hereditary diseases in 
humens. 8 Disruption of the DG-dystrophin interaction, 
however, has been described in several forms of he- 
reditary neuromuscular disease such as Duchenne 
muscular dystrophy. 9,10 

The highly and heterogeneously glycosylated cell sur- 
face-associated a-DG has a size that ranges from 120 to 
180 kd, depending on different amounts of glycosylation. 
/3-DG has been identified as a 43-kd band, sometimes 
accompanied by a 31-kd band that likely originates from 
proteolytic fragmentation. 11,12 We recently demonstrated 
that the 31-kd band is expressed at an increased level in 
a series of human -breast cancer cell-lines compared-with 
normal mammary epithelial cells. 11 Increased expression 
of the 31-kd band was usually associated with a reduced 
expression of the 43-kd band. Interestingly, expression of 
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a-DG was reduced or absent in most of the cell lines in 
which /3-DG was found as a 31 -kd band. Indeed, we 
demonstrated that both the 43-kd and 31 -kd a-DG bands 
harbor their transmembrane segment. 11 Thus, the cleav- 
age likely occurs within the extracellular domain of /3-DG 
and disrupts the integrity of the DG complex that is strictly 
dependent on noncovalent interactions between the ex- 
tracellular domain of 0-DG and the C-terminal domain of 
a-DG. 13 The accumulation of the 31 -kd band was inter- 
preted as the consequence of posttranscriptional events 
as demonstrated by reverse transcriptase-polymerase 
chain reaction (RT-PCR) experiments that allowed to ex- 
clude other phenomena, such as mRNA alternative splic- 
ing. 11 We hypothesized that an aberrant processing of 
DG might play an important role in tumor development by 
altering the interactions between cells and the surround- 
ing matrix. Thus, a reduction of DG function could influ- 
ence the formation of strong contacts between basement 
membranes and the cytoskeleton of cells; thus eventually 
favoring tumor development and invasiveness. Indeed, 
Henry and colleagues 14 recently reported a reduction in 
the expression levels of DG in human primary prostate 
and breast cancers that was most pronounced in high- 
grade disease. Yamada and co-workers 12 also recently 
confirmed that the 31 -kd form of 0-DG is- the product of a 
proteolytic processing of the extracellular domain of 
/3-DG and reported evidence that this processing is be- 
cause of the membrane-associated matrix metallopro- 
teinase (MMP) activity and disintegrates the DG complex. 
Taken together these data suggest that reduced expres- 
sion of DG may lead to abnormal cell-extracellular matrix 
interactions and thus contribute to progression to meta- 
static disease and justify the needs for further studies on 
the regulation of DG in epithelial cells and its alterations in 
tumor cells. 

In this study we analyzed the expression of DG by 
Western blot analysis in a series of human cancer cell 
lines and primary breast and colon cancers. We also 
investigated the expression of a-DG in a series of breast 
carcinomas and. evaluated its relation with other tumor 
characteristics and with the clinical outcome of the pa- 
tients. The results obtained suggest that loss of DG is a 
frequent event in human tumors with potential prognostic 
significance and warrant further studies on the involve- 
ment of this protein in tumor development. 


Materials and Methods 

Cell Culture 

The 184B5 human immortalized mammary epithelial cells 
were grown in complete serum-free mammary epithelial 
cell growth medium (MEGM) medium supplemented with 
growth factors (Clonetics-BioWhittaker, East Rutherford, 
NJ), as previously described. 15 Alt of the. other cell lines 
used for this study were obtained from the American 
Type Culture Collection (Rockville, MD) and cultured ac- 
cording with the instructions of the supplier. 


Patient Characteristics and Tissue Samples 

Samples were from patients who underwent surgery in 
our institution. No patient received preoperative chemo- 
therapy or radiotherapy. Surgical specimens were sraap- 
frozen in liquid nitrogen immediately after surgery and 
stored at -80°C until use. For colon normal mucosa 
samples, biopsies were taken where the mucosa ap- 
peared free from cancer at a distance of at least 5 cnn to 
resection site. For tumor samples, only fragments con- 
taining at least 80% tumor cells, as assessed by hema- 
toxylin and eosin staining, were used for subsequent 
analyses. Histological tumor grading and staging were 
assessed according to standard criteria. Other clinsco- 
pathological parameters, such as age and gender, were 
also recorded. The samples were coded and the nanmes 
of the patients were not revealed. 

For immunohistochemical studies, samples were ob- 
tained from a series of consecutive, unselected patients 
who underwent routine surgery for breast cancer at the 
Division of Surgery, County Hospital, Modena, Italy, from 
June 1989 to April 1991 and for whom clinicopathological 
data were available. After excluding cases with previous 
personal and/or familiar tumor history and patients with 
evidence of distant metastatic disease at diagnosis or 
who received any treatment before surgery or lost to 
follow-up, a cohort of 102 patients was selected for this 
study with a mean age at diagnosis of 59 years (range, 28 
to 83 years) and a mean follow-up of 72 months (range, 2 
to 135 months). Treatment remained reasonably consis- 
tent during the study period. Briefly, all patients had 
either a mastectomy or a segmental resection followed by 
radiation therapy. Axillary dissection with histopathologi- 
cal examination was performed in ail patients and if rrne- 
tastases were detected adjuvant therapy was given in the 
form of tamoxifen to postmenopausal and chemotherapy 
treatment to premenopausal patients. No further treat- 
ment was given to node-negative patients and no pa- 
tients received any therapy before surgery. The selection 
did not require approval by an Institutional Review Board 
because the samples were coded and the names of the 
patients were not revealed. Our series included 96 ductal 
and 6 lobular carcinomas. Histological grading and stag- 
ing were assessed according to standard criteria. 16 ^ 7 
Tumor stage was pT1 in 38, pT2 in 44, pT3 in 4, and pT4 
in 16. Five (5.2%) cases were classified as well (G1), 59 
(61.5%) as moderately (G2), and 32 (33.3%) as pooily 
(G3) differentiated tumors. 


Total Protein Extraction 

Frozen tissues were washed twice with ice-cold phos- 
phate-buffered saline (PBS) containing 1 mmol/L of 
MgCI 2 , finely diced on ice with a surgical blade, and spun 
down in a microcentrifuge at 4°C to recover pellets. After 
removing the supernatants, pellets were resuspended in 
3 to 5 volumes of sonication buffer containing proteases 
and phosphatase inhibitors (20 mmol/L Tris-HCl, pH 7.4, 
2 mmol/L EGTA, 6 mmol/L /3-mercaptoethanol, 1% Non- 
idet P-40, 0.1% sodium dodecyl sulfate, 50 mmol/L NaF, 
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15 tiQ/rc\\ benzamidine, 10 /xg/ml aprotinin, 10 ftg/ml 
leupeptin, and 1 mmol/L phenylmethyl suifonyl fluoride) 
and sonicated at 4°C with a Sonifier Cell Disruptor (Ultra- 
sonic Instruments International, Inc., Farmingdale, NY). 
Homogenates were incubated on ice for 30 minutes and 
then centrifuged at 14,000 rpm in a microcentrifuge for 15 
minutes at 4°C. The supernatants were assayed for pro- 
tein content by the BioRad protein assay method (BioRad 
Laboratories GmbH, Munchen, Germany) and stored at 
-80°C. For cell lines, exponentially growing cultures of 
each cell lines were washed with cold PBS, collected by 
cell scraping and cell pellets were added to 3 to 5 vol- 
umes of sonication buffer and processed as for tumor 
pellets. 

Western Blot Analysis 

For Western blotting, 50 /xg of protein from each sample 
were separated by sodium dodecyl sulfate-polyacrylam- 
ide gel electrophoresis and then transferred to Immo- 
bilon-P membranes (Millipore, Bedford, MA) at 100 V for 
1 hour at 4°C. Total cell lysate from SW620 cells was 
always included and was used as an internal positive 
control for standardization of the different blots. Immuno- 
detection was performed using the. enhanced chemilumi- 
nescence kit for Western blotting, detection (Amersham 
Pharmacia Biotech, Freiburg, Germany) and multiple film 
exposure for different lengths of time were made to es- 
tablish a linear range. Bands were analyzed on the image 
analysis system Gel Doc 200 System (BioRad) and quan- 
titated using the Quantity One Quantitation Software (Bio- 
Rad). The monoclonal antibody to a-DG (clone VIA4-1) 
was obtained from Upstate Biotechnology (Lake Placid, 
NY) and was used diluted at 1:2000. The monoclonal 
antibody to |3-DG (clone 43DAG/8D5) was from Novocas- 
tra (Newcastle, UK) and was used diluted at 1:50. Exper- 
imental validation of anti-DG antibody reactivity was done 
using a cell line engineered to overexpress an exoge- 
nous DG cDNA (data not shown): Protein extraction was 
independently performed two times for each sample. 
Similar results were obtained when the two protein ex- 
tracts from each sample were independently tested. The 
densitometric data shown are the mean values of the 
results obtained in four separate experiments (two runs 
for each protein extract) after correction for the interna! 
control and are expressed as the ratios of DG to j3-actin 
bands. Two values were arbitrarily considered identical 
when the difference between them was less than 10%. 

Semiquantitative RT-PCR Analysis 

Total RNA was extracted from exponentially growing cul- 
tures of each cell line using the RNeasy Mini kit (Qiagen, 
Hilden, Germany), in accordance with the manufacturer's 
instructions. For reverse transcriptase reaction, the RNA 
samples were reverse transcribed using the One-Step 
RT-PCR kit (Qiagen). 

PCR was performed using the Gene Amp PCR Systems 
9600 (Perkin-Elmer Corp., Norwalk, CT). The following DG- 
specific primers for the human DG sequence were used: 


DAGMH (forward) 5'-GGAGAACCCAACCAGCGCCCA- 
GAGC-3' and DAGAH (reverse) S'-CGGGTGATATTCTG- 
CAGGGTGATGG-3' that amplify a 485-bp region encom- 
passing both a-DG and 0-DG. A second primer pair: 
forward 5'-TCACCCACACTGTGCCCATCT-3' and reverse 
5'-ACGGAGTACTTGCGCTCAGG-3' were used to amplify 
a 550-bp region of the j3-actin transcript. After an initiai 
denaturation at 95°C for 15 minutes, 20 cyctes of PCR 
amplification were performed, each consisting of a dena- 
turing step of 94°C for 45 seconds, annealing at 55°C for 30 
seconds, and extension at 72°C for 1 minute, followed by a 
final step at 72°C for 10 minutes. The number erf 20 cycles 
was selected because in preliminary experiments we veri- 
fied that with this number of cycles the reaction was still in a 
linear range for both genes (data not shown). Tte amplified 
fragments were detected by 3% (w/v) agarose gel electro- 
phoresis and staining with 0.3 mg/ml of ethidium bromide 
(Sigma, St. Louis, MO). Each band was quantitated and tte 
specific gene expression level was determined serrB- 
quantitatively by calculating the ratio of densitometry 
value from the DG band in relation to the internal stan- 
dard represented by /3-actin. The densitometry data 
shown are the mean values of the results obtained im 
three independent experiments. 


Immunohistochemistry 

All immunohistochemical analyses were performed orn 
routinely processed, formalin-fixed, paraffin-embedded 
tissues using an avidin-biotin complex immunoperoxs- 
dase technique (Vectastain ABC kit; Vector Laboratories^ 
Burlingame, CA), as previously. described. 18-50 Briefly, 
successive 5-/xm tissue sections were cut from blocks 
selected for the presence of representative turcw tissue- 
Sections were dewaxed, rehydrated, and then micro- 
wave pretreated (10 minutes at 800 W in 1 mmol/L off 
ethylenediaminetetraacetic acid buffer, pH 8.0R, followed 
by incubation with 0.3% hydrogen peroxide in methanoG 
for 30 minutes to block endogenous peroxidase. After 
blocking with horse serum for 1 hour at room -tempera- 
ture, the primary antibodies were applied overnight at 
4°C in a high-humidity chamber. Binding was visualized 
using the Vectastain diaminobenzidine kit (Vector Labo- 
ratories) and counterstaining was performed: with 1%> 
modified Harris hematoxylin, as described. 18 " 20 The fol- 
lowing antibodies were used diluted in PBS: monoclonal! 
anti-a-DG antibody (clone VIA4-1) (Upstate Biotechnol- 
ogy) diluted 1:100; monoclonal anti-Ki67 antibody (clone 
MIB-1; DAKO, Glostrup, Denmark) diluted 1:100; and 
monoclonal anti-p53 D07 antibody (DAKO, Milan, Italy) 
diluted 1 :750. Detection of estrogen and progesterone 
receptor status (ER, PR) was also performed ffi>y immu- 
nohistochemistry and has been previously reported. 21 
Controls for specificity of staining were performed by 
immunostaining duplicate sections in the absence of the 
primary antibody. A breast carcinoma with known posi- 
tive immunostaining served as a positive control for each 
antibody. Positive and negative control slides were in- 
cluded within each batch of slides. For the anti-a-DG 
antibody only a clear staining of the cell membrrane was 
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regarded as positive. For p53 and Ki67 immunostaining 
nuclei were considered positive when they showed a 
distinct brown color in the absence of cytoplasmic and 
background staining. The fraction of positive cells was 
scored by examining at least 10 random high-power 
fields (X400) for each sample and the percentage of 
cells with positive reaction was calculated semiautomat- 
ically by means of a computer-assisted cellular image 
analyzer (Image-Pro Plus; Media Cybernetics, Silver 
Spring, MD) on a total of at least 1000 tumor cells per 
case. All scoring and interpretations of the results were 
made by two of the authors independently (AS and MM) 
without knowledge of clinical outcome or other clinico- 
pathological variables. To assess interobserver variation, 
the results of the two measurements were compared by 
paired Mest and no statistical differences were found 
(data not shown). The few cases with discrepant scoring 
were re-evaluated jointly on a second occasion, and 
agreement was reached. The cutoff values for ER and PR 
(20% positive cells) and for Ki67 (15% positive cells) are 
routinely used for therapeutic and prognostic evaluation 
of breast cancer patients and were selected following the 
indications of the Italian Multicentric Study of Breast Can- 
cer. 21 The figure 20% was used as the cutoff for p53 
positivity because it has been mostly used in previous 
publications regarding primary breast cancers, 22,23 


Analysis of DNA Content 

DNA analysis was performed on tumor samples as pre- 
viously reported. 24,25 Briefly, 50-/utm tissue sections were 
cut from paraffin blocks, dewaxed, rehydrated, and di- 
gested in a solution of 0.5% pepsin (Sigma). After wash- 
ings cell pellets were resuspended in a hypotonic citrate- 
propidium. iodide solution (0.05 mg/ml) containing 
Nonidet P-40 (50 /ig/ml) and RNase (50 ftg/ml) and were 
incubated at 4°C in the dark overnight. The cell suspen- 
sion was then filtered and analyzed for DNA content on a 
FACScan flow cytometer (Becton Dickinson,' San Jose, 
CA). Normal human peripheral white blood . cells were 
stained with propidium iodide under the same conditions 
and were used as the internal reference. Tumor ploidy 
was determined by the ratio of the mean peak values for 
the sample and the internal reference, according to in- 
ternational conventi6ns*: 2€!: Four cases were not used for 
this study because of the scarcity of the material or 
because the coefficient of variation was not acceptable in 
repeated analyses. 


Statistical Analysis 

The association between DG expression and other mo- 
lecular and clinicopathological parameters were calcu- 
lated using contingency table methods and tested for 
significance using the Pearson's chi-square test. Median 
values were compared using the Mann-Whitney test. Sur- 
vival curves were calculated using the Kaplan-Meier 
method and the log-rank test was used for the analysis. 
Univariate and multivariate relative risks were calculated 
using Cox proportional hazards regression. Two patients 
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Figure 1. A.* Levels of expression of a- and 0-DG in a series of human 
normal and cancer cell lines as assessed by Western blot analysis. B: RT-PCR 
analysis of DG gene expression in the same cell lines amplifying 0-actin (as 
internal control) with DG. In lane 1 the DNA molecular marker standard is 
shown. The sizes of the specific RT-PCR products were 550 bp for /3-actin and 
485 bp for DG. 


who died accidentally for causes unrelated to tumor dis- 
ease were not included in the survival analyses. For 
grade and stage the G1 grade and the pT1 stage were 
used as baseline, respectively. The proportional hazard 
assumption was tested following the generalization by 
Grambsch and Therneau. 27 All catenations were per- 
formed using the STATA 6.0 statistical software package 
(Stata Corporation, College Station, TX) and the results 
were considered statistically significant when the P value 
was <0.05. 


Results 

DG Is Differentially Expressed in a Series of 
Cancer Cell Lines 

We previously reported the accumulation of an aberrant 
/3-DG-related band of -31 kd in tumor cell lines and 
tissues compared with normal counterparts. 11 The pres- 
ence of the 31-kd band was frequently associated with a 
reduction in the expression level of the expected 43-kd 
/3-DG band and with a reduced or absent expression of 
the a-DG (see Introduction). A reduction or loss of a-DG 
expression was also observed in some cell lines ex- 
pressing normal levels of the 43-kd 0-DG band (data 
not shown). 11 We hypothesized that loss of DG, and 
mainly a-DG, might be related with cell transformation 
and might play an important role in the process of tumor 
development. 

To test this hypothesis we analyzed the expression of 
both a-DG and /3-DG in a series of human cancer cell 
lines of various histogenetic origin. As s&iown in Rgure 1 , 
a-DG was expressed at a high level in the T47D but its 
expression was reduced in the MCF-7 and BT549 breast 
cancer cell lines compared with the 184B5 norrtumori- 
genic immortalized human mammary cefll line. A reduced 
expression of a-DG was also observed in the DU145 
prostate cancer cells and in the HL60 promyelocytic 
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Table 1. Expression of Dystroglycan mRNA and Protein in 
Human Normal and Cancer Cell Lines* 


Cell line mRNA a-Dystroglycan 0-Dystroglycan 


184B5 

0.21 

+ 

0.014 

8.67 


0.776 

2.60 


0.248 

MCF-7 

0.33 


0.092 

0.01 

± 

0.002 

0.50 


0.025 

T-47D 

0.38 

± 

0.120 

10.64 


1.224 

3.40 


0.214 

BT-549 

0.41 


0.134 

3.03 

± 

0.114 

2.26 


0.255 

SW-620 

0.22 


0.014 

6.27 


0.856 

0.46 

± 

0.055 

HCT116 

0.25 


0.042 

12.46 


1.280 

2.79 

± 

0.187 

. DU145 

0.25 


0.028 

2.93 


0.086 

0.27 

± 

0.023 

HL60 

0.06 

+ 

0.013 

0.05 


0.007 

1.07 


0.059 


'Values are ratios of dystroglycan to 3-actin (mean ± SD). Cell lines 
include the 184B5 norma! mammary epithelium; the MCF-7, T-47D, and 
BT-549 breast; the SW-620 and HCT116 colon; the DU145 prostate 
adenocarcinomas; and the HL60 promyelocyte leukemia cells. 


leukemic cells (it is noteworthy that a-DG was also not 
detectable in cell extracts of human peripheral white 
blood cells, data not shown). a-DG was expressed in the 
SW620 and HCT116 colon cancer cell lines but its loss 
was previously observed in the HT29 colon cancer cell 
line. 11 A reduced expression of the 43-kd j3-DG band 
was observed in the MCF-7, SW620, DIM 45, and HL60 
cell lines whereas the j3-DG related 31 -kd band was 
clearly visible in the MCF-7, T47D, HCT1 16, and DU145 
cell lines (Figure 1). To evaluate whether variations in the 
expression of the DG protein were related to changes in 
the levels of DG mRNA, primers were designed that 
amplify a sequence of 485 bp corresponding to the C- 
terminal region of a-DG, next to the posttranslational 
proteolytic site, and the N-terminal region of /3-DG. These 
primers were used for PCR amplification of cDNA pre- 
pared from total RNA isolated from the same cell lines. 
Assessment of DG mRNA expression by RT-PCR was 
determined semiquantitatively by calculating the ratio of 
densitometric values from the DG band in relation to the 
internal standard represented by j3-actin (Figure 1). As 
shown in Table 1, the expression of .DG mRNA was not 
related to the expression of the corresponding protein 
thus suggesting that variations in the expression of DG 
protein in different cell lines are likely because of post- 
transcriptional events. 


DG Expression Is Frequently Reduced in Human 
Colon Cancers 

The results obtained with the ceil lines suggested that DG 
is differentially expressed in tumor cell lines. To evaluate 
whether this reduction also occurs in primary tumors and 
how it relates with tumor features, the expression levels of 
a-DG and 0-DG were analyzed by Western blot analyses 
in a series of 43 human primary colon cancers and paired 
adjacent normal colonic mucosa samples and the results 
obtained were quantitated by densitometry (Figure 2). 
According to Duke's criteria tumors were classified as 3 
stage A, 19 stage B, 13 stage C, and 8 stage D. We 
observed a variable expression of both subunits in nor- 
ma! and tumor samples. However, expression of a-DG 
was considered reduced, unchanged, or increased in 30 
(70%), 6 (14%), and 7 (16%) of 43 tumors, respectively, 
compared with normal adjacent mucosa. This reduction 
was less frequent in well (G1) (5 of 9, 55%) than in 
moderately (14 of 20, 70%) and poorly (11 of 14, 79%) 
differentiated tumors but the difference was not signifi- 
cant. The reduced expression of a-DG was observed in 
all 3 Duke's A (100%). in 9 of 19(47%) Duke's B, 11 of 13 
(85%) Duke's C, and in 7 of 8 (87%) Duke's D tumors. 
These differences were not significant. 

The expression level of the 43-kd j3-DG band was also 
reduced in 1 7 (39%) tumors whereas it was considered 
unchanged or increased in 8 (19%) and 18 (42%) tumors ; 
respectively, compared with normal adjacent mucosa 
samples. Tumors with reduced expression of /3-DG in- 
cluded three G1 (33%), eight G2(40%), and six G3 (43%) 
tumors and, in terms of tumor stage, one Duke's A (33%), 
eight Duke's B (42%), six Duke's C (46%), and two 
Duke's D (25%) tumors. These differences were not sig- 
nificant. The truncated 31 -kd 0-DG band was clearly 
detectable in 22 of the 43 paired samples (51%) and it 
was increased in 13 (59%) of them which included 3 of 7 
G1 (43%), 3 of 8 G2 (37%), and 7 of 7 G3 (100%) tumors. 
In terms of disease stage, increased expression of the 
31 -kd band of DG was observed in two of two (100%) 
Duke's A, two of eight Duke's B (25%), seven of eight 
(87%) Duke's C, and all (100%) Duke's D tumors. 
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Figure 2. Levels'of expression of a- and 0-DG in representative cases of primary colon carcinomas CT) and paired normal adjacent mucosa <M) 
Western blot analysis. 
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(not shown). For each group, the bottom and top edges of the box are the 25th and 75th percentiles, respectively. Median values are shown by the lino^witoin 
the boxes. The circles indicate the minimum and maximum values, respectively. Whiskers are obtained by not includtag the data points in the extreme 20% of 
the observed values. Within each set (Ar4» groups of values not sharing the same letter were significantly different GP < 0.05). 


We then analyzed the absolute values of the expres- 
sion of a-DG and 0-DG in the same tumors. The mean 
densitometric values for a-DG and /3-DG expression in 
the tumor samples were 73.1 (range, 1.0 to 290.0) and 
26.6 (range, 3.5 to 67.0), respectively. According to 
Duke's stages, the mean densitometric values for a-DG 
were 87.0 (range, 41.0 to 120.0), 110.5 (range, 25.0 to 
290.0), 47.2 (range, 10.0 to 130.0), and 21.4,(range, 1.0 
to 50.0) for stages A, B, C, and D, respectively. Accord- 
ing to tumor grade, the mean densitometric values for 
a-DG were 1 1 2.4 (range, 41 .0 to 1 80.0), 76.8 (range, 2.0 
to 290.0), and 40.2 (range, 1.0 to 120.0) for G1, G2, and 
G3 tumors, respectively (Figure 3, A and B). 

Similarly, the mean densitometric values for the 43-kd 
band j3-DG were 45.7 (range, 40.5 to 49.6), 28.8 (range, 
12.0 to 67.0), 23.5 (range, 7.0 to 67.0), and 19.6 (range, 
3.5 to 45.0) for stages A, B, C, and D, respectively. 
According to tumor grade, the mean densitometric val- 
ues for 0-DG were 39.8 (range, 24.0 to 63.0), 25.4 (range, 
7.0 to 67.0), and 20.0 (range, 3.5 to 45.0) for G1 , G2, and 
G3 tumors, respectively (Figure 3, C and D). Thus,, we 
observed a significant progressive reduction of a-DG 
and j3-DG expression with increased tumor grade and 
stage. 


Assessment of DG mRNA expression in a series of 
selected colon cancer samples by RT-PCR demon- 
strated that, as previously reported for cell lines, the 
expression of DG mRNA bs not related to the expression 
of the corresponding protein thus suggesting that varia- 
tions in the expression of DG protein in colon carcinomas 
are also likely because of posttranscriptional events (Fig- 
ure 4). 


DG Expression in Human Primary Breast 
Cancers 

The expression levels of DG were analyzed by Wes&ern 
blot analyses in a series off primary breast cancers. Total 
cell extracts were prepared from 10 breast ductal carci- 
nomas including three G1 , lour G2. and three G3 tumtors. 
As shown in Table 2, these tumors expressed variable 
levels of both a-DG (range, 1.96 to 10.48) and 0OG 
(range. 0.11 to 1.21) protein. The mean densitometric 
values for a-DG were 8.47 (range, 5.76 to 10.48), 5.18 
(range, 3.21 to 7.98), and 2.96 (range, 1.96 to 4.18> for 
grade G1, G2, and G3 cancers, respectively. The corre- 
sponding values for /3-DG were 0.72 (range, 0.6 to 0.85), 
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Figure 4. A: a-T>G expression was assayed by Western blot analysis in a 
series (1 to 7) of selected primary colon cancer samples. Cell lysate from the 
SW620 cell line was also included for comparison (first lane). B: Expression 
of DG mRNA was evaluated in the same tumors by RT-PCR (see Figure 1). 
Values of ratios of DG to 0-actin are shown in the associated graphs. 


0.71 (range, 0.25 to 1 .21), and 0.40 (range, 0.1 1 to 0.89), 
respectively. Thus, as for colon cancers we observed a 
progressive reduction of a-DG and j3-DG expression with 
increased tumor grade in this limited series of cases. We 
also evaluated the expression of DG in three samples of 
normal breast epithelium obtained during reduction mam- 
moplasty. The median values of a-DG and j3-DG were 9.9 ± 
4.2 and 1.1 ± 0.36 (mean ± SD) t respectively, thus con- 
firming that expression of DG tends, indeed, to be reduced 
in breast cancers compared with normal mammary tissue. 

To further- investigate the significance of DG in human 
breast cancer, the expression of a-DG was evaluated by 
immunostaining in a series of 102 primary human breast 
carcinomas. We decided to analyze the expression of 
a-DG because the available anti-p-DG antibody recog- 
nizes the cytoplasmic tail of /3-DG that is common to both 
the 43-kd and the 31 -kd 0-DG-related bands. 11 Thus, the 
staining attainable using this antibody would have been 
confused by the simultaneous assessment of both bands 
being not possible to determine the contribution of each 
of them. Only cells with a clear membranous staining 
were regarded as positive. In normal glands a strong 
staining of mammary epithelial cells was always ob- 

Table 2. Expression of Dystroglycan Protein in Human 


Primary Breast Cancers* 

No. 

Grade 

a-DG 

43-kd J3-DG 

31 -kd 0-DG 

1 

G1 . 

10.48 ± 2.36 

0.718 ±0.03 

0.60 ± 0.06 

2 

G1 ' 

5.76 ± 1.67 

0,60 ± 0.03 

ND 

3 

G1 . 

9.18 ±3.12 

0.85 ± 0.71 

0.12 ±0.03 

4 

G2 

7.98 ± 1.21 

0.25 ± 0.01 

ND 

5 

G2 ; 

4.20 ± 0.95 

1.21 ± 0.06 

0.18 ±0.01 

6 

G2 

5.35 ± 1.31 

0.67 ± 0.21 

ND 

7 

G2 - 

3.21 ± 1.01 

0.70 ± 0.06 

ND 

8 

G3 

- 4.18 ± 1.01 

0.19 ±0.01 

0.13±0:06 

9 

G3 

275 ± 0.61 

0.89 ± 1.03 

0.31 ± 0.08 

10 

G3 

1.96 ±0.231 

0.11 ± 0.01 

0.10 ±0.01 


* Values are ratios of dystroglycan to /3-actin (mean ± SD). ND, not 
detectable. 


served (Figure 5). In tumor cells immunostaining was 
frequently heterogeneous within one specimen, both in 
terms of percentage of positive cells and staining inten- 
sity with few cases displaying well-differentiated areas 
with clear positive staining and poorly differentiated ar- 
eas showing decrease or loss of a-DG expression (data 
not shown). The percentage of positive cells ranged from 
0 to 85% with a median value of 0 (mean, 13.6; SD, 24.9). 

Expression of a-DG was not detectable in tumor cells 
in 67 (66%) specimens despite the fact that adjacent 
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Figure 5. Immunohistochemical staining of a-DG in representative cases of 
breast carcinomas. A: Immunostaining shows a clear membranous staining in 
normal ductal epithelial cells. Ik Representative case of ductal carcinoma 
. with positive membranous staining. C: Loss of a-DG expression in high- 
grade ductal carcinoma (left), ^formal lobules (right) display a pagetoide 
invasion with positive staining in the residual normal ducts but not in the 
infiltrating neoplastic cells. Original magnifications: X100 (A and B); X200 
(C); X800 (insets in A and B). 
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Table' 3. a-Dystroglycan Expression and Clinicopathological 
Parameters in Human Primary Breast Cancers 

a-Dystroglycan 
expression 




Pncitiv/P 
ruoiiivc 

MpnflfivP 
i Ncy cm vc 



Tntol 
1 OlcU 

\ /o ) 


P value 

Aae (vr) 



36 (72%) 


>60 

50 

14 (28%) 



52 

21 (40%) 

31 (60%) 

0.19 

Ti irriVir nrflHp^ 



40 (62%) 



64 

24 (38%) 



oc 

10 

22 (69%) 

0.65 

Tumor ^taoe 





pi i 

38 

19 (50%) 

19(50%) 


pl^ 

44 

12 (27%) 

32 (73%) 


(J 1 Of 1 *t \**/ \ u / 

20 

3 (15%) 

17 (85%) 

0.014 

INUUal blaluo 





Negative 


lij \**f /of 

1 f \\J\J /Of 

0.1 14 

Positive 

70 

20 (29%) 

50(71%) 


p53 expression* 





Positive (>20%) 

20 

3(15%) 

\1 (t35%) 


Negative (<20%) 

79 

32 (41%) 

47 (59%) 

0.033 

Ki67 expression* 



23 (82%) 


High (£15%) 

28 

5(18%) 


Low (<15%) 

72 

28 (39%) 

44(61%) 

0.045 

DNA ploidy* 



40 (60%) 


Diploid . 

67 

27 (40%) 


Arieuploid 

31 

7 (23%) 

24 (77%) 

0.09 

ER expression* 



16 (35%) 


High (>20) 

46 

30 (65%) 


Low (=£20) 

52 

37 (71%) 

15 (29%) 

0.53 

PR expression* 



29 (64%) 


High (>20) 

45 

16(36%) 


Low (<20) 

54 

18(33%) 

36 (67%) 

0.82 


Statistical analyses were performed by the Pearson chi-square test. 
P < 0.05 was considered significant. 

*Not all parameters were available for all cases. 
"•"Six'lobular carcinomas were not graded. 


normal glands were stained positively (Figure 5C). No 
correlation was observed with age (P = 0.19), tumor 
grade (P = 0.65), tumor invasion (P = 0.14), lymph node 
status (P = 0.08), progesterone (P = 0.8) and estrogen 
(P -.0.5) receptor status, and DNA ploidy (P = 0.09). On 
the other hand, a significant association was observed 
with tumor stage. In fact, negative staining for a-DG was 
observed in 19 of 38 (50%) pT1, 32 of 44 (73%) pT2, 3 of 
4 (75%) pT3, and 14 of 16 (87%) pT4 tumors (P = 0.014) 
(Table 3). A weak association was also observed with 
Ki67 staining and p53 expression. In fact, loss of expres- 
sion was observed in 44 of 72 (61 %) tumors with a low 
Ki67 index and in 23 of 28 (82%) tumors with a high Ki67 
index (P = 0.045) (Table 3). Negative staining for a-DG 
was found in 47 of 79 (59.5%) tumors negative for p53 
protein expression and in 17 of 20 (85%) p53-overex- 
pressing tumors (P = 0.033) (Table 3). 

Prognostic Significance of a-DG Expression in 
Primary Breast Cancers 

Twelve of 34 tumors (35%) positive for a-DG and 28 of 66 
(42%)- negative cases recurred in our series of breast 
cancers during the period of follow-up. This difference 
was not significant (P - 0.49). On the other hand, 8 of 34 


tumors (23%) positive for a-DG and 32 of 66 (48%) neg- 
ative cases dsed of disease during the period of follow- 
up. This difference was significant (P = 0.016). Thus, 
death for disease occurred more frequently in patients of 
our series whose cancer did not express a-DG compared 
with positive tajmors. 

The KaplarvMeier curves of overall survival within pa- 
tients with negative versus positive cancers showed a 
significant separation (P = 0.013 by log-rank test) which, 
as expected, was not significant in terms of disease-free 
survival (P = 0.35 by log-rank test) (Figure 6). 

In an univariate analysis high tumor stage (P = 0.0002 
by log-rank test), lymph node involvement (p = 0.0006), 
high tumor grade (P = 0.0008), high Ki67. index (P = 
0.001), low progesterone receptor expression (P = 0.002), 
DNA ploidy (P = 0.03) but not age, estrogen receptor, and 
p53 expression were significantly associated with a shorter 
overall survival Jn our series of patients. 28 " 30 

Multivariate analysis of the variables was performed 
using two different models. Lymph node involvement 
(P = 0.006; reOative risk, 3.790), loss of a-DG expression 
(P = 0.044; relative risk, 2.286), and high tumor grade (P = 
0.001; relative frisk, 3.099) confirmed to be independent 
predictors of overall survival when a Cox proportional haz- 
ards model was constructed that only included these 
three parameters. However, when a second model was 
built by adding age of patients at the diagnosis and-all of 
the other parameters that were significant at the univari- 
ate analyses, only lymph node involvement (P - 0.008; 
relative risk, 3.766), high tumor grade (P = 0.008; relative 
risk, 2.872), arud low progesterone receptor expression 
(P = 0.026; relative risk, 2.464) appeared to be indepen- 
dent predictors of overall survival (Table 4). Loss of a-DG 
expression was not an independent predictor of survival 
although it remained not far from significance with a 
relative risk of 1.842. Similar results were also obtained 
when DNA ploidy was included in the model or when age 
and/or Ki67 indtex were not included in the analysis (data 
not shown). Tumor stage was not included in the model 
because it was significantly correlated with lymph node 
status and models with both variables were heavily af- 
fected by col linearity. 

In an univariate analysis lymph node involvement (P = 
0.003), high humor stage (P = 0.005 by log-rank test), 
high tumor grade (P = 0.02), high Ki67 index (P = 0.013), 
low progesterone receptor expression (P = 0.007) but 
not age, estrogen receptor, DNA ploidy and, finally, a-DG 
expression were significantly associated with a shorter 
disease-free survival in our series of patients. 

When a Cox proportional hazards model was con- 
structed that included age of patients at the diagnosis, 
lymph node involvement, tumor grade, Ki67 index, DG, 
and progesterone receptor expressions, only lymph node 
involvement (P = 0.006; relative risk, 3.497) and proges- 
terone receptor expression (P = 0.015; relative risk, 
2.435) confirmed to be independent predictors of dis- 
ease-free survival (Table 5). Similar results were also 
obtained when age and/or a-DG expression were not 
included in the analysis (data not shown). Tumor stage 
was not included in the model because of the high col- 
linearity with lynnph node involvement. 
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Figure 6. Kaplan-Meier curves for disease-free (A) and overall (B) survival in 100 patients wfco underwent surgery for breast carcinoma stratified according to 
a-DG expression. 


Discussion 

DG is ^transmembrane glycoprotein expressed in a wide 
variety of tissues at the interface between the basement 
membrane and cell membrane linking the extracellular ma- 
trix to the actin cytoskeletorv providing structural integrity, 
and perhaps transducing signal, in a manner similar to 
integrins. 1,2,7 This is the first study that demonstrates that 
DG expression is frequently lost in human cancer cells and 
might have prognostic significance in breast cancer patients. 

We previously reported the accumulation of an aber- 
rant form of the 0-subunit of DG in a series of human 
cancer cell lines and in rat mammary tumors. We ob- 
served that the presence of this aberrant band was as- 
sociated with the reduction or loss of expression of a-DG. 
However, a-DG was also lost in some cell lines despite 
the presence of a normal 0-DG band. 11 We hypothesized 


that loss of DG might be associated with cell transforma- 
tion and might play a role in cancer development. In this 
study tfne expression of a- and j3-DG were analyzed by 
Western blot analyses in a series of human cancer cell 
lines of various histogenetic origin. We found that.DG is 
differentially expressed in various cell lines and demon- 
strated that expression of DG protein is not related with 
the level of the corresponding mRNA thus suggesting 
that regulation of DG expression mainly occurs at a post- 
transcriptional level (Figure 1 and Table 1). The series 
also included one breast normal (184B5) and three 
breast cancer (MCF-7, BT549, and T47-D) cell lines and 
it is of interest that DG expression was reduced in two of 
the three breast cancer cell lines compared with the 
normal counterpart (Figure 1). 

We aftso determined by Western blot analyses the ex- 
pression) of DG- in a series of human primary colon and 


Table 4. Contribution of Various Potential Prognostic Factors 
to Overall Survival by Cox Regression Analysis in 
Breast Cancers 


Variable 


Age , 
Grade 

Nodal status* 
Dystroglycan f 
Ki67* 

Progesterone* 



95% 


Risk 

Confidence 


ratio 

Interval 

P value 

1.440 

0.692-2.995 

0.329 

2.872 

1.323-6.236 

0.0O8 

3.766 

1.417-10.008 

0.0O8 

1.842 

0.762-4.454 

0.175 

1257 

0.564-2.807 

0.576 

2.464 

1.115-5.445 

0.026 


•The- risk ratio is given as node-positive versus node-negative 
patients. 

The risk ratio is given as negative versus positive tumors. 
*The risk ratio is given as high (>15% positive cells) versus low 
proliferation index. 


Table 5* Contribution of Various Potential Prognostic Factors 
to Disease-Free Survival by Cox Regression Analysis 
in Breast Cancers 


Variable 


Age 
Grade 

Nodal status* 
Dystrogtycan* 
Ki67* 

Progesterone* 



95% 


Risk 

Confidence 


ratio 

Interval 

P value 

1.174 

0.593-2.322 

0.645 

1.812 

0.915-3.588 

0.088 

3.497 

1.443^8.475 

0.006 

1.058 

0.508-2.204 

0.880 

1.634 

0.806-3.310 

0.173 

2.435 

1.188-4.994 

0.015 


*The risk ratio is given as node-positive versus node-negative 
Datients. 

"The risk ratio is given as negative versus positive tumors. 
*The risk ratio is given as high (>15% positive cells) versus low 
proliferation index. 
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breast cancers and found that its expression varies sig- 
nificantly among tumors. Expression of a- and /3-DG were 
considered reduced in 70% and 39% of colon cancers, 
respectively, compared with normal adjacent mucosa. 
Reduced expression of DG was more frequent in less 
differentiated (G3) and in more advanced cases com- 
pared with well-differentiated and earlier lesions (Figure 
3). These findings are in agreement with a previous report 
demonstrating that a reduction in the expression levels of 
DG is a frequent event in human primary prostate and 
breast cancers and is most pronounced in high-grade 
disease. 14 We also demonstrated that the reduced ex- 
pression of DG is not associated with a reduced level of 
the corresponding mRNA thus suggesting that, as previ- 
ously demonstrated for cell lines, regulation of DG ex- 
pression in colon cancers mainly occur at a posttran- 
scriptional level (Figure 4). The truncated 31 -kd j3-DG 
band was clearly detectable in 22 of 43 (51%) colon 
cancer and in 6 of 10 (60%) breast cancer samples. We 
could not perform a statistical analysis because of the 
small number of cases. These results suggest, however, 
that an altered processing of J3-DG might play an impor- 
tant role in the observed reduced expression of both 
a-DG and 0-DG because, as previously mentioned, the 
31 -kd band lacks the extracellular domain of /3-DG es- 
sential for the interaction with a-DG. 13 

Western blot analysis demonstrated that DG expres- 
sion is also reduced in human breast cancers and that its 
loss is associated with higher tumor grade (Table 2). To 
extend this analysis, we determined by immunostaining 
the expression of a-DG in a series of archival human 
primary breast cancers and found that expression of 
a-DG is lost in 66% of tumors. Loss of a-DG. expression 
was significantly associated with high tumor stage (P = 
0.01), high Ki67 index (P = 0.045), and p53 overexpres- 
sion (P = 0.033) but not with other clinicopathological 
features (Table 3). The association with p53 and Ki67 
might depend on the association with stage because 
both high Ki67 index and positivity for p53 were associ- 
ated with higher tumor stage (data not shown). 

Survival analyses by Kaplan-Meier demonstrated that 
in an univariate analysis loss of a-DG was associated with 
an increased risk of death for disease (P - 0.013 by 
iog-rank test) but not with a shorter disease-free survival 
(Figure 6). Loss of a-DG expression confirmed to be an 
independent predictor of overall survival (P = 0.044; 
relative risk, 2.286) when a Cox proportional hazards 
model was constructed that only included a-DG expres- 
sion, lymph node involvement, and tumor grade. When a 
second model was built by including all of the parameters 
that were significant at the univariate analyses, loss of 
a-DG expression was no longer an independent predic- 
tor of survival but it remained not far from significance 
with a relative risk of 1 .842 (Table 4). 

Our series of patients included both node-negative 
and node-positive patients. It is well known, as also dem- 
onstrated by this study, that lymph node involvement is 
one of the strongest prognostic markers for breast cancer 
patients. Adjuvant therapy is the standard of care for 
women with axillary node involvement. Efficacy of adju- 
vant therapy in node-negative patients is still uncertain 


and the decision is currently based on risk factors such 
as tumor stage, estrogen receptor status, and prolifera- 
tion index. However, in most cases there are no clear 
indications for treatment choice and there is a great need 
for useful prognostic markers able to identify node-neg- 
ative patients with high risk of recurrence and death. 
Thus, it will be of interest to evaluate the prognostic 
significance of a-DG expression in the subgroup of node- 
negative patients. We could not perform this analysis 
because the small number of eligible cases in our series 
did not allow a reliable statistical analysis. 

To our knowledge this is the first study investigating the 
expression of DG protein in a series of human cancer cell 
lines and primary tumors. We provide evidence that the 
expression of both DG subunits is frequently reduced in 
human cancer cell lines and in primary colon and breast 
cancers, being associated with higher grade, higher 
stage diseases. Henry and colleagues 14 previously eval- 
uated the immunohistochemical expression of DG in 
breast and prostate cancer and found that reduced ex- 
pression of DG is a consistent feature of both types of 
tumors. They, however, evaluated only the expression of 
/3-DG and their series was too limited to perform any 
statistical analysis. In this study, the expression of a-DG 
was evaluated by immunostaining in a large series of 
primary breast carcinomas. We found that a-DG expres- 
sion is frequently lost in breast cancer cells and observed 
a progressive loss of its expression with advancing tumor 
stage. It is noteworthy that although most of the tumors 
display a negative staining it is likely that, as suggested 
by the Western blot analysis (Table 2), they still express 
a-DG although at a level that is undetectable by the 
immunohistochemical. technique. Our. , data, however, 
suggest that loss of a-DG expression may be an early 
event in the multistep process of breast carcinogenesis 
because it was already detected in -50% of pT1 tumors 
and was also observed in some cases of in situ carci- 
noma (Table 3 and data not shown). It has been demon- 
strated that the 31 -kd form of /3-DG is the product of a 
proteolytic processing of the extracellular domain of 
0-DG. 11,12 This processing is because of the membrane- 
associated MMP activity and disintegrates the DG com- 
plex with loss of a-DG. 12 We could, indeed, demonstrate 
that a-DG is released in the medium of the MCF-7 breast 
cancer cell line (unpublished data), although the under- 
lying molecular mechanisms are still unknown. Compel- 
ling evidence has demonstrated that MMP activity can 
enhance tumor growth, invasion, and metastasis. Indeed 
MMPs are invariably up-regulated in the stromal compart- 
ment of invasive epithelial cancers. 31 Further in vitro and 
in vivo studies are required to elucidate whether MMP 
activity is also responsible for the reduced expression of 
a-DG observed in breast carcinomas. It is of interest, 
however, that inhibitors of such activity have proved ef- 
fective for the treatment of human cancers 32 and it can- 
not be excluded, on the basis of our results, that some of 
their beneficial effects might be in part because of the 
reduced processing of DG after their treatment that could 
contribute to halt tumor cell growth and spreading. 

The exact significance of reduced expression of DG in 
human tumors remains unknown. We are convinced, 
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however, that our results warrant further studies on file 
role of this glycoprotein in human tumor development and 
on its potential prognostic significance in breast and in 
other cancers. Our preliminary data suggest that its eval- 
uation could have prognostic value, possibly adding in- 
formation to that obtained from conventional prognosftic 
parameters. In fact, an unexpected finding of the present 
study was that loss of expression of DG in tumor cells is 
associated with shorter overall survival. It is tempting to 
hypothesize that tumors with reduced expression of DG 
have an enhanced metastatic potential that would be 
responsible for the poor outcome of the patients. Thus, 
further investigation on the significance of DG expression 
level in a more homogeneous group of patients (ie, young 
node-negative cases) could provide greater insights intro 
the prognostic significance of DG expression. 

Intracellular signal transduction pathways activated by 
the adhesion of cells to other cells or to the extracelluteir 
matrix play crucial roles in cellular differentiation, migra- 
tion, and proliferation and their alterations might play an 
important role in the process of tumor development, fen- 
deed, defects in extracellular matrix organization with 
perturbations of the basement membrane separating the 
epithelial and stromal compartments have long been 
considered a hallmark of malignant tumors, particulaaUy 
adenocarcinomas 33,34 Moreover, transformed cells have 
altered relationship with the extracellular matrix, showing 
decreased association of fibronectin and laminin witth 
their surfaces compared with their- normal counter- 
parts. 35 ' 36 Taken together our data demonstrate the pres- 
ence of a large variations in the expression of DG among 
tumors and suggest that reduced expression of DG is a 
frequent event in human tumorigenesis and might coffn- 
tribute to tumor progression. Our hypothesis is that an 
aberrant expression of DG might play a role in tumor 
development by altering the interactions between cells 
and the surrounding matrix. A reduction of DG function, an 
fact, may lead to abnormal cell-extracellular matrix inter- 
actions and thus contribute to tumor progression arad 
metastasis rather than merely being a consequence ©f 
neoplastic transformation. It has been also proposed that 
DG might be involved in signal transduction pathways, m 
a manner similar to integrins. Indeed, 0-DG can bind 
Grb2, 7,37 the growth factor receptor bound adapter pro- 
tein involved in the activation of several signaling -path- 
ways, including the recruitment to plasma membrane and 
subsequent activation of the Ras oncogene. 38 

In conclusion, further studies on the role played by DG 
in the regulation of epithelial cell growth and transforma- 
tion and on its possible role as a tumor suppressor gene 
are warranted and we believe that they might provicfe 
insights into the mechanisms of human tumor pathogenv 
esis and contribute to our understanding of tumor cefll 
growth and invasiveness. 
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Summary 

In order to translate the findings from basic cellular 
research into clinical applications, cell-based models need 
to recapitulate both the 3D organization and multicellular 
complexity of an organ but at the same time accommodate 
systematic experimental intervention. Here we describe a 
hierarchy of tractable 3D models that range in complexity 
from organotypic 3D cultures (both monotypic and 
multicellular) to animal-based recombinations in vivo. 
Implementation of these physiologically relevant models, 
illustrated here in the context of human epithelial tissues, 


has enabled the study of intrinsic cell regulation pathways 
and also has provided compelling evidence for the role 
of the stromal compartment in directing epithelial cell 
function and dysfunction. Furthermore the experimental 
accessibility afforded by these tissue-specific 3D models has 
implications for the design and development of cancer 
therapies. 

Key words: Human epithelial cells, Three dimensional, Organotypic 
models, Tissue-specific signaling 


Introduction 

Qualitative evaluation of the cellular complexity and structural 
integrity of organ biopsies has been used by pathologists for 
decades to gain insight into human diseases. The well-accepted 
correlation between tissue structure and health or disease 
conveys important lessons for the development of experimental 
models for the study of normal human biology and associated 
disease progression. Optimally, model design should 
recapitulate both the 3D organization and the differentiated 
function of any given organ but at the same time allow 
experimental intervention. By doing so, cell-based models 
facilitate systematic analyses that address, at the molecular 
level, how normal organ structure and function are maintained 
or how the balance is lost in cancer. 

Because of the ethical, technical and financial constraints 
inherent in research on human cells and tissues, the demand 
for models that faithfully parallel human form and function 
considerably outweighs the supply. We and others asserted 
more than two decades ago that development of 
physiologically relevant models of both rodent and human 
origin should recognize that organs and tissues function in a 
3D environment (Elsdale and Bard, 1972; Hay and Dodson, 
1973; Emerman and Pitelka, 1977; Bissell, 1981; Ingber and 
Folkman, 1989). Further, that in the final analysis, the organ 
itself is the unit of function (Bissell and Hall, 1987). We now 
know that exposure of cells to the spatial constraints imposed 
by a 3D milieu determines how cells perceive and interpret 
biochemical cues from the surrounding microenvironment [e.g. 
the extracellular matrix, growth factors and neighboring cells 
(for reviews, see Roskelley et al„ 1995; Bissell et al., 2002; 
Cunha et al., 2002; Ingber, 2002; Radisky et al., 2002)]. 
Furthermore, it is in this biophysical and biochemical context 
that cells display bona fide tissue and organ specificity. 

Here, we describe studies of epithelial-cell-based systems 


that demonstrate the importance of developing and utilizing 3D 
human organotypic models to understand the molecular and 
cellular signaling events underlying human organ biology (Fig. 
1). In their most simplistic form, these models comprise 
homogeneous epithelial cell populations that are cultured 
within 3D basement-membrane-like matrices. These relatively 
simple 'monotypic' cell models have progressively evolved 
into 3D co-culture models containing multiple cell types, 
which approximate organ structure and function in vitro and 
enable systematic analyses of the molecular contributions of 
multiple cell types. Finally, we go on to explore how human 
3D culture models are being coupled to existing technologies 
in the mouse to generate models in vivo that could elucidate 
the fundamental influence of stromal-epithelial interactions in 
normal organ function as well as those that perturb organ 
homeostasis and lead to disease. As a result of these 
advancements, we are equipped with a hierarchy of related 
models that appreciate the importance of 3D environments but 
vary with respect to cellular complexity. By using this 
collection of experimental models interchangeably, we can test 
molecular markers and targets in models of defined at the 
molecular level with increasing physiological relevance 
(culminating in vivo); conversely, results in vivo can be 
translated into less complex models that are more suitable for 
diagnostic and therapeutic development. 


Monotypic 3D cell culture assays 

For several decades, we and others have taken a relatively 
simple approach of developing monotypic 3D culture models 
that are composed of single cell types but nonetheless 
recapitulate the minimum unit of the differentiated tissue 
(Bissell and Radisky, 2001; Cukierman et al., 2002). In 
addition to cell source, the composition of two basic 
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components must be considered when one establishes 
physiologically relevant 3D culture models: the extracellular 
matrix (ECM) and the medium. Cell sources, both primary 
or immortalized, are most useful when they 1 are capable 
of supporting tissue- specific differentiated function(s) in 
response to appropriate stimuli. Likewise, both the 
composition and delivery of the ECM and its molecules 
should reflect the physiology of the tissue in question. For 
example, laminin-rich Matrigel (Kleinman et al., 1986) is a 
reasonable substratum for use in 3D cultures of epithelia since 
epithelial cells are embedded in laminin-rich basement 
membrane (lrBM) in vivo. (In the discussion below, Matrigel 
will be generally referred to as lrBM, It should be noted, 
however, that whereas Matrigel is currently a cost-effective 
and biochemically reasonable substitute for BM, it is in fact a 
rather crude and ill-defined mixture of extracellular matrix 
proteins derived from a mouse tumor.) ECM presentation is 
also a critical parameter since cells cultured in (or on) thick 


Fig. 1. Hierarchical modeling of human breast 
function. Similarities between the organization of 
human and mouse mammary glands have enabled 
observations in one tissue to be transferred to the 
other. This dynamic exchange of information has led 
to the gradual development of mammary gland moddBs 
that now represent a continuum of organotypic 
systems ranging in complexity from monotypic 3D 
cultures to multicellular co-cultures to in vivo 
xenograft models. Each of the 3D models depicted 
here represents a physiologically relevant assay in its 
own right. However, when engineered with common 
cellular components and used in series, these models 
become invaluable tools for the identification and 
verification of disease-related molecules as well as for 
the design and translation of effective drug therapies- 
Future in vivo models that are more faithful to the 
human mammary microenvironment may be achieved) 
in a 'humanized' mouse model in which mammary 
glands are entirely repopulated by breast cell types of 
human origin. Ep, epithelial cell; Myoep, 
myoepithelial cell. Adapted from previous 
publications (Ronnov-Jessen et al., 1996; Schmeichei 
etal., 1998). 


and malleable matrices become differentiate^, 
whereas cells grown on ECM delivered as a thim, 
planar coating on plastic do not (Roskelley et al,, 
1994; Cukierman et al., 2002). Finally, unlikse 
chemically defined growth media, media 
containing serum or other complex supplements 
often interfere with differentiation. 

A number of cell models have been coupled 
with appropriate 3D matrices and show fruitrM, 
results in recapitulating tissue functions in 3Bt 
Extensive studies have been reported for live*; 
salivary gland, vasculature, bone, lung, skin, 
intestine, kidney and mammary and thyrowS 
glands (see Table 1 and references therein). Othea- 
cells, such as MDCK (O'Brien et al., 2001- 
Troxell et al., 2001) and fibroblasts (Harkin an<a 
Hay, 1996; Cukierman et al., 2001), have also 
been monitored in 3D contexts and have provided! 
valuable insight into the basic molecular mechanisms off 
polarity, branching morphogenesis, adhesion and ceM 
migration (reviewed in Cukierman et al., 2002; O'Brien et al«, 
2002; Walpita and Hay, 2002). 

In some cases, however, the relationship between these 
models in culture and a counterpart in vivo is unclear. We 
contend that, in order to be useful as a translational tool foir 
the study of human disease progression, 3D organotypic 
models must be developed that are true to human form and 
function. In the following sections, we will describe the 
development of 3D culture models in human breast (an<k 
briefly, in skin) that demonstrate how appropriate choice 
of cell source and ECM substrata can enable the 
establishment of physiologically relevant assay systems. By 
virtue of their resemblance to organ structure and function im 
vivo, these models facilitate meaningful dissection of the 
molecular mechanisms involved in the regulation of tissue 
specificity. 


Modeling tissue and organ function in three dimensions 2379 


Table 1. Examples of 3D environments used in monotypic 3D cultures 

Matrix 

Cell type 

Reference 

Collagen I 

Liver 

Mammary gland 
Skin 

Michalopoulos and Pitot, 1975; Bader et al., 1996 
Emerman et al, 1977; Emerman and Pitelka, 1977; 

Howlett et al., 1995; Gudjonsson et al., 2002a 
Asselineau et al., 1985; Kopanetal., 1987 

Amniotic basement membrane 

Pancreas 
Lung 

Ingberet al., 1986 
Sakamoto etal., 2001 

Reconstituted basement membrane 

Liver 

Mammary gland 

Pancreas 

Endothelia 

Prostate 

Lung 

Salivary gland 
Thyroid gland 
Kidney 
Intestine 
Bone 

Bissell, D. M. et al., 1987; Ben-Ze'ev et al., 1988 

Li et al., 1987; Barcellos-Hoff et al., 1989 

Oliver et al., 1987; Gittes et al., 1996 

Kubota et al., 1988; Grant et al., 1989 

Bello-DeOcampo et al., 2001 

Schugeret al., 1990 

Hoffman et al., 1996 

Mauchamp et al., 1998 

Sakurai et al., 1997 

Sanderson etal., 1996 

Vukicevicetal., 1990 

Rotary cultures 

Mammary gland 
Prostate 

Runswick et al., 2001 
Clejan et al., 2001 


Monotypic 3D cultures for modeling mammary gland 
and epithelial signaling 

A large body of work performed in mammary epithelial cells 
from mice demonstrates the central importance of 3D cell- 
microenvironment interactions in promoting a differentiated 
cellular response (Lin and Bissell, 1993; Roskelley et al., 1995; 
Boudreau and Bissell, 1998). Mammary cells embedded in 
lrBM adopt a spherical, polarized structure that resembles the 
normal mammary alveolus (or acinus) and that is capable of 
mammary-gland-specific function (e.g., producing milk in 
response to lactogenic hormones) (Barcellos-Hoff et al., 1989) 
(reviewed in Stoker et al., 1990). Human luminal epithelial 
cells, both primary and immortalized, respond to ECM in much 
the same way as their mouse counterparts by forming acini in 
3D (Fig. 2) (Petersen et al., 1992; Howlett et al., 1995; Weaver 
et al., 1997). [The same cells grown in an interstitial ECM, 
such as collagen I, show altered integrins and abnormal 
polarity and organization (Howlett et al., 1995; Gudjonsson et 
al., 2002a; Weaver et al., 2002), thereby underscoring the 
importance of matching cell types with appropriate substrata.] 
Human breast tumor cells fail to show a differentiated 
phenotype in 3D lrBM, but instead form cellular masses 
that are disorganized and apolar (Petersen et al., 1992). 
Collectively, these studies demonstrate that human mammary 
epithelia respdiid to structural and biochemical cues provided 
by the ECM and that these cell-ECM interactions are sufficient 
to reveal innate cellular phenotypes. 

3D organotypic cultures are amenable to a variety of 
experimental manipulations and have been effectively used to 
re-examine molecular pathways previously characterized by 
conventional culture methodologies as well as to elucidate 
novel signaling pathways. Recent examples are described 
below and are summarized in Fig. 2. 

Coupled signaling mechanisms and reversion 
When used in conjunction with well-defined human mammary 
cell cultures, monotypic 3D assays have proven useful for 
understanding how altered cell-ECM communication regulates 


breast tumor progression. One such cell source is ihe HMT- 
3522 human breast tumor progression series, which comprises 
a continuum of cell populations that arise from a common 
precursor but range in phenotype from non-malignant (SI) to 
tumorigenic (T4-2) (Briand et al., 1987; Nielsen et al., 1994; 
Briand et al., 1996). Dissection of the molecular differences 
between these cells revealed that surface expression of the 
ECM receptor pi integrin is dramatically upregulated in T4-2 
tumor cells in comparison with their non-analignant 
counterparts. When treated in 3D cultures with antibodies that 
block pi integrin function, T4-2 cells dramatically reorganize: 
cell colonies become phenotypically reverted, .assuming a 
polarized and growth-arrested status comparable to that 
observed of non-malignant SI cells (Fig. 2) (Weawer et al., 

1997) . Reduced pi integrin signaling results in dowmregulation 
of endogenous pi integrins as well as in reduced sigjaaling and 
levels of the epidermal growth factor receptor (EGHR) (Wang 
et al., 1998). In a reciprocal fashion, neutralizing tine activity 
of EGFR effectively normalizes pi integrin signaling and 
levels (Fig. 2). Such pi integrin and EGFR reciprocal cross- 
modulation is apparently dependent upon a 3D context as 
neutralizing antibodies do not elicit reciprocal cross- 
modulation in cells cultured as 2D monolayers (Wang et al., 

1998) . 

To determine the extent to which adhesion and growth factor 
receptor signaling is coupled in more aggressive tumors, Wang 
et al. recently assayed a series of metastatic hunnan breast 
cancer cell lines for sensitivity to pi integrin and ECHFR cross- 
talk inhibitors in 3D lrBM cultures (Wang et al., 20O2). Unlike 
results from the tumorigenic, but non-metastatic, T4-2 cells, 
single inhibitors induce only partial phenotypic reversion in 
aggressive carcinoma cells (Fig. 2). Instead, specific pairs of 
inhibitors, applied in tandem, are required to nevert the 
malignant phenotype or cause apoptosis. Therefore, as 
signaling pathways become increasingly disconnected, they 
require intervention at multiple sites to elicit reversion and/or 
apoptosis. 

Collectively, these studies show that recapituflation of 
phenotypically normal tissue in 3D lrBM assays correHates with 
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Fig. 2. Signaling mechanisms 
studied in monotypic 3D 
cultures of human mammary 
epithelial cell lines. The 
phenotypes of human 
mammary epithelial cells can 
be readily distinguished in 
the context of 3D lrBM 
assays. After 10 days in 
culture, non-malignant cells 
form growth-arrested, 
polarized acini with central 
lumens, whereas malignant 
cells form apolar colonies of 
continually growing cells that 
, vary, in size and shape 
depending on the degree of 
tumorigenicity. A number of 
studies, some of which are 
depicted here, have utilized 
this assay to explore the 
molecular regulation of ; 
normal breast (e.g., lumen 
formation) as well as aberrant 
signaling during tumor 
progression and/or reversion. 
Individual studies are 
referenced in the text. 
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the ability of adhesion and growth factor receptor signaling 
pathways to engage in reciprocal cross-modulation. Moreover, 
the intracellular signaling pathways directing cell polarity 
and proliferation in human mammary epithelial tissues are 
orchestrated in profoundly different ways, depending on 
whether cells are cultured in a 2D or 3D context. These studies 
also constitute proof that 3D assays of phenotypic reversion 
can be exploited further to characterize potential modulators of 
the malignant phenotype in breast. 

Tumor suppressors and oncogenes 
3D lrBM assays can be used to search for oncogenes and tumor 
suppressors as well as to understand their mechanisms of 


action. For example, Howlett et al. examined the extent to 
which restoration of Nm23-Hl, a metastasis-suppressor gene 
(Leone et al., 1993), could restore 'normal* cell morphology 
(Howlett et al., 1994). They transfected a metastatic breast 
carcinoma cell line MDA-MB-435 with an Nm23-Hl 
transgene and assayed the resulting transgenic cells 3D lrBM 
cultures. They found that cells overexpressing Nm23-Hl 
formed organized acinus-like spheres with appropriately 
polarized basal and apical surfaces (Fig. 2) and thus provided 
evidence that suppressive effects of Nm23-Hl might be due to 
its role in growth inhibition and differentiation in response to 
cues from the ECM. Spancake et al. examined the effects of 
downmodulating the retinoblastoma (RB) tumor-suppressor 
pathway in human mammary epithelial cells. Whereas loss of 
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RB function did not affect polarity of these epithelial cells in 
3D (Spancake et al., 1999), the 3D acini were not growth 
arrested and failed to display several markers of differentiation 
found in primary cells, thereby demonstrating that RB function 
plays a role in mammary cell differentiation. 

AZU-1 is a gene product that was isolated by comparative 
gene expression analysis of premalignant and malignant cells 
of the HMT-3522 series (Chen et al., 2000). AZU-1 [also 
called, TACC2 (Still et al., 1999)] mRNA is significantly 
downregulated in a variety of human breast tumor cells, which 
is consistent with it having a tumor suppressor role in breast 
tissue. Normalizing the expression of AZU-1 in T4-2 tumor 
cells causes phenotypic reversion of the cells, as revealed in 
3D lrBM assays. These findings, in combination with in vivo 
tumorigenicity assays, provides experimental evidence that 
AZU-1 is a novel breast tumor suppressor. Interestingly, AZU- 
1 levels, which are very low in T4-2 cells, become normalized 
in tumor cells reverted by EGFR or pi integrin inhibition, 
which suggests that AZU-1 expression is also sensitive to cues 
from the microenvironment (Chen et al., 2000). 

More recently, the non-integrin cell surface ECM receptor 
dystroglycan (DG) was also shown to display a tumor- 
suppressive function in T4-2 cells (Muschler et al., 2002). Re- 
expression of DG in tumor cells lacking cc-DG expression but 
expressing E-cadherin produced profound repolarization of 
cells in the 3D lrBM assay. This finding suggests that, at the 
cell surface, normal cellular function might be a result of a 
competitive balance that is achieved by signaling through 
integrins, growth factors and dystroglycan. 

Novel aspects of the function of the oncogene ErbB2 in 
tumor progression have been revealed in 3D human mammary 
epithelial cell cultures as well. ErbB2 is particularly 
interesting as a potential oncogene in the breast because its 
overexpression correlates with a poor clinical prognosis 
(reviewed in Eccles, 2001; Yarden, 2001). Human MCF10A 
mammary epithelial cells were recently engineered to express 
conditionally activated ErbB2 and analyzed in monotypic 3D 
cultures (Fig. 2) (Muthuswamy et al., 2001). When ErbB2 
receptor, but not ErbBl, is activated in mature 3D acini, the 
MCF10A cells lose their polarized organization and develop 
structures consisting of multiple acinar-like units with filled 
lumina. These structures do not display any invasive properties 
and thus represent a reasonable model for ductal carcinoma in 
situ (DCIS). This finding also raised the possibility that 
excessive signaling through ErbB2 in 3D cultures is sufficient 
to induce growth and to protect cells from apoptosis within 
the luminal space (Huang eCal:7'1999; Muthuswamy et al., 
2001) (see also discussion below). 

Sensitivity and resistance to cell death 
More than two decades ago, Hall et al. showed that, when 
murine mammary cells are sandwiched between two layers of 
ECM, they form a lumen (Hall et al., 1982). Since then, 3D 
monotypic cultures have been used to explore the basic 
developmental pathways of the mammary gland, including 
lumen formation, the work of Frisch and colleagues indicated 
that adhesion to any ECM molecule is a survival cue and that 
loss of adhesion hastens a cell's demise (anoikis) (Frisch and 
Francis, 1994). Boudreau et al. showed that adhesion to an 
inappropriate ECM ligand, at least in the case of epithelial 


cells, only delays cell death temporarily (Boudreau et al., 
1995) and that adhesion to relevant substrata, such as lrBM or 
laminin, is necessary to maintain long-term survival. Once the 
cells lose contact with BM, caspascs are induced and the cells 
apoptose. Coucouvanis and Martial showed subsequently in 
developing mouse embryos that, whereas contact with BM 
protects the outer cell layer, the inner cell mass cavity is 
carved by apoptosis of cells that had no contact with BM 
(Coucouvanis and Martin, 1995). Others have since shown 
that cavitation of the lumen of tbe mammary gland is also 
mediated by induction of apoptosis (Blatchford et al., 1999) 
(see also below). 

Several recent reports using 3D human mammary epithelial 
cell models have provided important insights into the 
molecules and pathways involved in the apoptotic events 
leading to lumen formation. For example, Huang et al. showed 
that biliary .glycoprotein (BGP, also known as CEACAM1 or 
CD66a), a transmembrane protein expressed on the luminal 
surface of mammary epithelia, is required for lumen formation 
in MCF1 OA-derived acini cultured in 3D lrBM (Huang et al., 
1999). Re-expression of a short isoform of BGP in MCF7 
breast carcinoma cells (that is, cells that lack BGP and fail to 
form lumena in 3D lrBM assays) results in cells that form 
morphologically normal mammary acini with properly formed 
central lumena in 3D cultures (Knrshner et al., 2003). This 
model revealed that BGP adopts am apical localization during 
morphogenesis and influences lumen formation by initiation of 
apoptotic pathways. 

Two recent studies by Muthuswamy et al. and Debnath and 
colleagues show that lumen formation in the MCF10A model 
is not mediated solely by the action of pro-apoptotic signals 
(Muthuswamy et al., 2001; Debmath et aL, 2002). Rather 
growth control signals and increased apoptotic signaling 
cooperate to direct lumen formation in this 3D monotypic 
model. Because chronic activation of ErbB2 is sufficient to 
cause accumulation of colonies witih cell-filled lumina, ErbB2 
oncogenic signaling probably exerts multiple biological 
effects, coordinating signals that affect both proliferation and 
apoptosis during cavitation (Debaath et aL, 2002). These 
studies provide a compelling example of how the study of 
developmental processes (such as hnmen formation) can benefit 
from the experimental accessibility of these simple tissue- 
specific models to yield physiologically relevant information 
at the molecular level. 

The HMT-3522 culture model was recently employed to 
address mechanisms of resistance t© chemotberapeutic-agent- 
induced apoptosis in vivo (Weaver et al.V 2002; see also 
Yamada and Clark, 2002). Formation of 3D polarized 
structures confers protection against apoptosis in both non- 
malignant and malignant maunmary epithelial cells. 
Destabilizing the polarity of these structures by disrupting 
P4 integrin ligation, and thus perturbing hemidesmosome 
organization, allows induction of apoptosis. Loss of (}4 integrin 
results in the inactivation of NFkB, at known positive modulator 
of expression and stability of apopfeosis regulators. This topic 
is of critical relevance to considerations of apoptotic drug 
resistance and tumor dormancy. Metastasized tumor cells, 
either as single cells or clusters, may resist death induced by 
chemotherapeutic agents when the microenvironment and 
spatial information at the secondary site is conducive to the 
establishment of cell polarity and survival. 
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The functional-significance of nuclear structure 

The status of nuclear organization is an important indicator 
of tissue homeostasis and differentiation in vivo (Lelievre et 
al., 2000; Nickerson, 2001). In 3D cultures, the nuclear 
structure of HMT-3522-S1 cells differs radically from that 
of the same cells cultured in a monolayer (Lelievre et al., 
1998). Furthermore, a series of structural changes are evident 
within the nucleus throughout acinar morphogenesis in 3D. 
The observed structural modifications are apparently 
coupled to SI cell function, as targeted disruption of the 
nuclear structure in fully differentiated SI cells causes 
upregulation of matrix metalloproteinase activity, an event 
that ultimately alters the quality of the underlying basement 
membrane (Lelievre et al., 1998). Collectively these studies 
point to a dynamic and reciprocal functional connection 
between nuclear structure and cell function that is dependent 
upon the presence of an appropriate 3D context. Much 
remains to be understood about how communication between 
the BM, the 3D structure and the nucleus is established. 
However, the idea that understanding these connections 
requires 3D models is now being more widely championed. 
Commenting on recent papers by Debnath et al. and Weaver 
et al., Jacks and Weinberg conclude: "Suddenly, the study of 
cancer cells in two dimensions seems quaint, if not archaic" 
(Debnath et al., 2002; Weaver et al., 2002; Jacks and 
Weinberg, 2002). 

Modeling organs in vitro: organotypic co-cultures 

Whereas the monotypic 3D culture models described above 
effectively approximate the biochemical and spatial 
contributions required for tissue-specific function, organs 
comprise numerous cell types, matrices and other 
■• environmental factors. By reproducing a total organ* 
environment in culture models, the significance of autocrine 
and paracrine interactions, long appreciated for their roles in 
organ biogenesis and development (for a review, see Cunha, 
1994), can be examined in molecular and cellular terms. This 
is particularly important given the growing interest in the 
broader role of the stroma (loosely defined as other cell types 
plus the ECM) in regulating normal epithelial cell function 
(see Bissell and Radisky, 2001; Liotta and Kohn, 2001; 
Silberstein, 2001; Tlsty and Hein, 2001; Cunha et al., 2002; 
Fuchs and Raghavan, 2002; Mueller and Fusenig, 2002). 
Studies in human skin provide extensive examples of how 3D 
co-culture methodologies can be used to recapitulate organ 
function arid allow systematic analysis of underlying 
molecular pathways. 

The co-culture paradigm: human skin 
3D organotypic co-culturing methodologies have been 
particularly successful in epidermal biology. A cultured 
version of a 'skin equivalent* has been achieved through 
culturing of keratinocytes either on de-epidermized dermis 
(Regnier et al., 1981; Watt, 1988; Fartasch and Ponec, 1994) 
or on collagen gels embedded with dermal fibroblasts (Bell et 
al., 1981; Regnier et al., 1981; Asselineau and Prunieras, 1984; 
Asselineau et al., 1985; McCance et al., 1988; Watt, 1988; 
Coulomb et al.,. 1989; Fartasch and Ponec, 1994). Such co- 
cultures give rise to stratified epithelium that displays many of 


the morphological and functional features of an epidermis in 
vivo (Bell et al., 1981; Kopan et al., 1987; Watt, 1988; Kopan 
and Fuchs, 1989; Hertle et al., 1991; Parenteau et al., 1991; 
Fusenig, 1994; Smola et aL, 1998). 

Differentiated human skin equivalents are produced in co- 
cultures containing fibroblasts of either human or mouse origin 
(Choi and Fuchs, 1990; Turicsen et al., 1991; Kaur and Carter, 
1992). Given this inherent compatibility, which probably 
reflects a similarity in the synthesis of paracrine factors 
between species, one can supplement skin co-cultures with 
fibroblasts derived from genetically engineered mice. An 
elegant example of such a substituted culture allowed 
examination of the role of AP-1 transcription factor subunits 
c-jun and junB in skin homeostasis (Fig. 3) (Szabowski et al., 
2000; Angel and Szabowski, 2002). Unlike wild-type murine 
fibroblasts, the presence of c-jun-deficient or junB-deficient 
fibroblasts had dramatic and distinct effects on keratinocyte 
proliferation and differentiation when included in skin 
co-cultures. These studies elucidated a double paracrine 
mechanism in which keratinocytes produce II- 1 , which, in turn, 
induces the expression of keratinocyte growth factor (KGF) 
and granulocyte macrophage colony stimulating factor (GM- 
CSF) in dermal fibroblasts through AP-1 activation (Maas- 
Szabowski et al., 2000; Szabowski et al., 2000; Maas- 
Szabowski et al., 2001). 

When used in combination with skin tumor progression 
models, 3D co-cultures als© effectively distinguish between 
non-malignant and malign and. phenotypes. Such strategies were 
used to show that MMP1, a matrix metalloproteinase 
implicated in tumor induction and progression, is upregulated 
not only in more aggressive tumor types but also in the co- 
cultured fibroblasts themselves (Fusenig and Boukamp, 1998). 
Other studies have established that embryonic stem (ES) 
cells from normal animals can produce well-differentiated 
epidermis in 3D co-cultures (Bagutti et al., 1996). Taking 
advantage of this compatibility, Bagutti et al. recently 
demonstrated that pi-inte©rin-null stem cells respond and 
differentiate in epidermal skin cultures only in the presence of 
excess stromal factors and tffliat loss of pi integrin decreases 
the sensitivity of ES cells to soluble factors that induce 
differentiation (Bagutti et aL, 2001). 

Given the development of these tractable models of human 
skin that display an unquestionable resemblance to skin in 
vivo, it is not surprising' that these models are being 
productively utilized in pharrmacotoxicological studies (Gay 
et al., 1992) and in skin grafting procedures (Boyce and 
Warden, 2002) .' Furthermore* they provide critical guidance for 
modeling the complexities of other human organ systems, such 
as the bceast, in culture. 


Modeling breast complexify in culture 
The unit morphology of a mammary duct is a double-layered 
structure in which a continuous sheet of polarized epithelium 
is surrounded by a layer of myoepithelial cells. Because of their 
contractile nature, myoepithelial cells have generally been 
recognized for their function) in the extrusion of secreted milk 
from mammary gland during lactation. However, accumulating 
evidence indicates that myoepithelial-luminal epithelial cell 
interactions contribute to homeostasis within the mammary 
gland and that disruption ©f this interaction might be an 
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Fig. 3. Using genetically 
engineered fibroblasts to elucidate 
stromal-epithelial interactions in 
organotypic skin co-cultures. 
Primary human keratinocytes 
maintain their stratified and 
differentiated morphology in 3D 
organotypic co-cultures regardless 
of whether dermal fibroblasts 
included are of human (HDF, A) 
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or mouse (MEF, mouse embryonic fibroblasts, B) origin. Substitution of wild-type mouse fibroblasts with genetically engineered fibroblasts 
from transgenic animals allows for a detailed analysis of the molecular underpinnings of epithelial stromal interactions. Here, t-jun (C) and 
iunB^- (D) fibroblasts are shown to have hypo- or hyperproliferative effects, respectively, on the morphology of human skin. Tins study 
demonstrates the utility of 3D co-culture methodologies in dissecting the molecular determinants of paracrine signaling networks, llus figure is 
summarized from a previously published figure (Szabowski et al., 2000). 


Fig. 4. Modeling mammary IrBM Collagen I 

acinar structure in 3D 
organotypic co-cultures. Purified 
primary human luminal epithelial 
cells were embedded and cultured 
in IrBM (A) or collagen I gels 
(B,C) in the absence (A3) or 
presence (C) of purified 
myoepithelial cells (MEP). 
Cultures were double stained for 
the lumenal marker, sialomucin 
(red) and the basolateral marker, 
epithelial-specific antigen (ESA; 
green). Luminal epithelial cells 

£ta^^ polarity in collagen I gels. Addition of purified myoepithelial cells to luminal epithelial cells in collagen I 

corrects acinar polarity (C) and results in formation of a bilayered organotypic structure. Reproduced with permission from Gudjonsson et al. 
(Gudjonsson et al., 2002a). 
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important step in tumor progression (Zou et al., 1994; 
Sternlicht et al., 1997; Man, 2002). 

Recently, several studies performed in 3D organotypic co- 
culture models have examined the role of myoepithelia in 
organizing and maintaining normal gland structure and 
function. Runswick and colleagues mixed purified human 
luminal epithelial cells and myoepithelial cells and incubated 
them in a 3D rotary culture environment (Runswick et al., 
2001). Under these conditions, double-layered structures 
formed, containing a central core of polarized luminal 
epithelial cells surrounded by a layer of myoepithelial cells. 
Perturbation of myoepithelium-specific desmosortial cadherins 
disrupted basal positioning of myoepithelial cells (Runswick 
et al., 2001), thereby demonstrating that physical associations 
between myoepithelial and luminal epithelial cells are 
important for the establishment of higher-order organ structure 
in the mammary gland. 

The interdependence of luminal and myoepithelial cells has 
also been analyzed in 3D ECM cultures in which purified 
primary luminal epithelial cells were combined within 3D 
collagen I gels in the presence or absence of purified 
myoepithelial cells (Gudjonsson et al., 2002a). As expected 
from previous studies of human mammary epithelial cells in 
3D collagen I cultures (Howlett et al., 1995; Lelievre et al., 
1-998), the primary luminal epithelial cells alone fail to show 
appropriate polarity in 3D collagen I. However, collagen-based 


co-cultures containing both luminal epithelial and 
myoepithelial cells show polarized, bilayered organization 
(Fig. 4). Normal myoepithelial cells direct luminal epithelial 
cell polarity by synthesizing laminin 1; tumor-derived 
myoepithelial cells* expressing no or low levels of laminin 1, 
fail to yield douMe-layered organotypic structures, in 3D 
collagen co-cultures (Gudjonsson et al., 2002a). Thus, the basal 
positioning of myoepithelial cells is not only well-suited for 
contractile events that occur during lactation (a known function 
of myoepithelial cells) but also provides important spatially 
restricted biochemitcal cues that drive cell polarity and normal 
function in the breast (see Bissell and Bilder, 2003). 

Indeed, it is now conceivable that the human breast could be 
reasonably recapitulated in vitro by systematic pairing of 
different cell types an 3D culture. In a recent report, Hass and 
Kratz reported the results of co-culturing primary human 
mammary epithelial cells and adipocytes derived from the 
same patient (Huss and Kratz, 2001). In these cultures, 
differentiated epithelial structures are embedded in clusters of 
adipocytes in patterms reminiscent of the human breast in vivo. 
Whether these structures reflect the ability of adipocytes to 
contribute to a BM and whether there are other functions 
provided by the fat cells remain to be determined. Additional 
modeling work, perihaps incorporating stem cell populations as 
described above fear skin or immortalized progenitor cells of 
the breast (Gudjonsson et al., 2002b), will be required if we 
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are to achieve the full complement of mammary gland 
components in 3D culture. 

Stromal-epithelial interactions in 3D in vivo 

Mouse xenograft models 

The question of stromal control of organ function has been 
effectively addressed in whole animal studies in which human 
epithelial cells are transplanted as 3D xenografts along with 
normal or aberrant stroma and monitored over time. Overall, 
the findings parallel observations made in 3D organotypic 
cultures and indicate that progression of the epithelial cell 
tumor is not cell autonomous. Rather, the chromosomal 
instability that eventually leads to cancer is promoted, and 
probably sometimes induced, by the anomalies in the 
surrounding stroma and microenvironment (Moinfar et al., 
2000; reviewed in Petersen et al., 2001), 

One compelling demonstration of the stromal control of 
epithelial behavior comes from Olumi and colleagues, who 
developed a model in which non-malignant prostatic epithelial 
cells (normal or SV40-immortalized) were mixed in collagen 
gels with prostate-derived fibroblasts from normal epithelial 
organoids or cultures of carcinoma-associated cells. These 3D 
cultures were then transplanted beneath the renal capsule of 
athymic mice, and epithelial outgrowth was monitored (Olumi 
et\al., 1999). Neither epithelial cells nor fibroblasts, alone, 
promoted tumor formation on their own. However, xenografts 
that included carcinoma-associated fibroblasts (CAFs) along 
with SV-40-immortalized epithelial cells shows a dramatic 
tumorigenic response. These findings demonstrate in an in vivo 
setting that the altered signaling capacity of the CAFs is 
sufficient to catalyze tumor progression in a cell type that 
displays a mildly altered genotype. 

Parmar et al. have recently used a similar renal grafting 
approach to address the role of mammary stromal fibroblasts 
in mammary gland function and development (Parmar et al., 
2002). They mixed normal human mammary epithelial cells, 
prepared as organoids, with mammary fibroblasts and grafted 
them into renal capsules of nude mice. These transplants show 
a robust elaboration of a mammary structure, which does not 
occur in the absence of mammary stroma and appears to be 
responsive to hormonal stimulation from estrogen and 
progesterone (e.g., they can be induced to produce milk when 
analyzed in pregnant animals) (Parmar et al., 2002). 

Human xenograft and tissue transplant models are thus 
powerful tools for analyzing the complexities of organ 
function, especially when results can be reciprocally tested and 
scrutinized in simpler 3D culture models. However, opinions 
differ with respect to the optimum site of tissue transplantation 
within the animal and its preparation. Does the outgrowth of 
human mammary epithelium in the kidney, for example, truly 
represent normal mammary events or does the mouse fat pad 
provide a more relevant environment for outgrowth? Indeed, it 
has long been known that mouse mammary epithelial cells 
display differential developmental responses depending upon 
their site of delivery (see Miller et al., 1981; Neville et al., 
1998). A recent study revealed that human mammary epithelial 
cells harboring three cancer-predisposing genetic alterations 
have differential tumorigenic responses in nude mice, the most 
extreme response being associated with transplantation into 
cleared mammary fat pad (Elenbaas et al., 2001). Considering 


the range of responses from both *normaT and tumorigenic 
cells within a given animal, perhaps we should also ask 
whether the rodent fat pad is of sufficient relevance to 
reconstitute a human cell behavior that is true to the human 
form or whether we should be striving to humanized mouse 
mammary models? 

Developing a 'humanized' mammary gland in the mouse 
fat pad 

In very general terms, the mouse and human mammary glands 
share a reasonable level of similarity but also some differences 
(Fig. 1) (Ronnov-Jessen et al., 1996). Because the mouse 
mammary gland has high levels of adipose stroma, it is 
reasonable to suggest that the environment of the mouse 
mammary fat pad in mice is not entirely equivalent to human 
breast (Neville et al., 1998). Cleared fat pads, commonly used 
in transplant studies, also include several other cell types, such 
as fibroblasts, endothelial cells and cells of the immune system, 
all of which could influence mammogenesis. Moreover, 
techniques routinely used to prepare orthotopic sites, such as 
irradiation, may in fact induce profound and lasting stromal 
effects by themselves (Barcellos-Hoff and Ravani, 2000; 
Barcellos-Hoff, 2001). Furthermore, human mammary 
epithelial ceflls injected into cleared fat pads do not elaborate 
ductal structures (Sheffield, 1988), which emphasizes the 
apparent incompatibility between human and mouse mammary 
organs. 

To study breast homeostasis with ultimate physiological 
relevance, we must model not just tissues but entire organs in 
vivo (Bissell and Hall, 1987; Bissell and Radisky, 2001). One 
future goal would be to develop 'humanized* mammary glands 
in rodents by replacing mouse mammary gland components 
with their human counterparts and reconstructing an organ that 
is comparable to the human gland in its architecture and 
organization <Fig. 1). As daunting as this task seems, progress 
is currently being made to craft such a 'humanized' mammary 
gland model an mouse. Human stromal fibroblasts grafted into 
the fat pads ©f nude mice support elaboration of transplanted 
human marnanary epithelial cells into an infiltrating ductal tree 
that is higMy differentiated and responsive to lactogenic 
cues (C. Kuperwasser and R. A. Weinberg, personal 
communication). Establishment of such a 'humanized' animal 
paves the way for the systematic inclusion of genetically 
modified ep&helial or stromal cells and thereby provides a 
model for controlled analysis of specific molecules and 
pathways in an in vivo context. Furthermore, the 'humanized' 
mouse could also be important in the development of strategies 
for reconstnncting human breast after surgical intervention 
(Huss and Kiatz, 2001). 

Future versions of 'humanized' mice could incorporate 
human mamimary progenitor cells in this type of transplant 
model. The existence of mammary epithelial stem cells 
has been the subject of much debate, but recent evidence 
demonstrates; the existence of precursor cells within the 
luminal epit&elial pool (Smith, 1996; Stingl et al., 1998; 
Smalley et aL, 1999). Recently, Gudjonnson et al. have isolated 
and immortalized a human mammary progenitor cell that gives 
rise to structEores that resemble terminal ductal lobular units 
(TDLU) when implanted either in Matrigel or orthotopically 
into nude mace (Gudjonsson et al., 2002b). Thus it seems 
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plausible that introduction of human progenitor cells in the 
mouse mammary gland may be a useful strategy for generating 
chimeric animals with extensively humanized mammary 
organs. 

Concluding remarks 

We have described a series of experimental models that range 
in complexity from monotypic 3D cultures to multicellular 
'humanized* organs in vivo. Because of the physiologically 
relevant structural and functional features they display, each 
model is a powerful tool in and of itself. However, when these 
- Models are linked together in progressive fashion, their 
• potential for defining the molecular determinants of normal 
organ function and for elucidating pathways compromised 
during disease progression is amplified. Already, by using a 
combination of 3D culture and animal xenograft strategies, 
researchers have demonstrated a role for the stroma as an 
important regulator of epithelial function and carcinoma 
progression. Streamlining our approaches to utilize the same 
cell type at each incremental step will clarify the underlying 
molecular details of these phenomena. Moreover, effective 
utilization of a hierarchy of 3D models has an enormous 
potential for improving disease target identification and drug 
design. If the behavior of candidate regulators can be verified 
in models of increasing physiological relevance, this would 
provide a more convincing rationale for the design of clinical 
trials in human subjects. Moreover, implementation of high- 
throughput screening in the context of simpler 3D organotypic 
cultures will probably waste less time during drug development 
and have the potential to yield molecules that will sustain 
efficacy in clinical trials (Balis, 2002; Bhadriraju and Chen, 
2002; Weaver et al., 2002). The progress made thus far towards 
these goals is already reason for excitement. 
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ABSTRACT 

Purpose: We looked at the value of three preclinical 
cancer models, the in vitro human cell line, the human 
xenograft, and the murine allograft, to examine whether 
they are reliable in predicting clinical utility. 

Experimental Design: Thirty-one cytotoxic cancer drugs 
were selected. Literature was searched for drug activity in 
Phase II trials, human xenograft, and mouse allografts in 
breast, non-small cell lung, ovary, and colon cancers. Data 
from the National Cancer Institute Human Tumor Cell Line 
Screen were used to calculate drug in vitro preclinical activ- 
ity for each cancer type. Phase II activity versus preclinical 
activity scatter plot and correlation analysis was conducted 
for each model, by tumor type (disease-oriented approach), 
using one tumor type as a predictor of overall activity in the 
other three tumor types combined (compound-oriented ap- 
proach) and for all four tumor types together. 

Results: The in vitro cell line model was predictive for 
non-small cell lung cancer under the disease-oriented ap- 
proach, for breast and ovarian cancers under the com- 
pound-oriented approach, and for all four tumor types to- 
gether. The mouse allograft model was not predictive. The 
human xenograft model was not predictive for breast or 
colon cancers, but was predictive for non-small cell lung and 
ovarian cancers when panels of xenografts were used. 

Conclusions: These results suggest that under the right 
framework and when panels are used, the in vitro cell line 
and human xenograft models may be useful in predicting the 
Phase II clinical trial performance of cancer drugs. Murine 
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allograft models, as used in this analysis, appear of limited 
utility. 

INTRODUCTION 

Both basic science studies and clinical trials are essential 
components of the cancer drug discovery process. Potential 
therapeutics found to be significantly better than no treatment or 
standard therapies (i.e., active) in preclinical laboratory cancer 
models or compounds with novel chemotypes and equivalent 
effectiveness to standard treatments are advanced to confirma- 
tory testing in early (Phase I and II) clinical trials. Considering 
that RR 3 is a reasonable surrogate end point for survival (re- 
quired but not sufficient), a favorable RR in Phase II trials 
advances a drug into additional clinical testing and is considered 
a prerequisite of drug success in the clinic. 

Advancing of a candidate drug from preclinical testing in 
the laboratory to testing in Phase II clinical trials is based on the 
assumption that drug activity in cancer models translates into at 
least some efficacy in human patients, i.e., that cancer labora- 
tory models are clinically predictive. In addition, the relevance 
of tumor type-specific preclinical results for the corresponding 
human cancers in the clinic can be viewed through two different 
approaches: compound-oriented, where a drug is assumed to 
have potential activity against all human tumor types if it is 
effective against a single test tumor type, and disease-oriented, 
where a drug with preclinical activity in a single tumor type 
would only be expected to be effective in the same tumor type 
in patients. 

Although widely adopted, the above-mentioned assump- 
tion and approaches have not been confirmed by studies to date. 
In addition, all studies aimed to examine the clinical predictive 
value of laboratory cancer models inevitably suffer from inher- 
ent bias because compounds with no activity in preclinical 
models are generally not advanced to clinical trials. 

This work was undertaken to examine the clinical predic- 
tive value of three preclinical cancer models that have found 
wide use: the human in vitro cell line; the mouse allograft; and 
the human xenograft. In these models, tumor volume or life span 
(in vivo mouse models) or cell growth (in vitro cell lines) is 
compared between the treatment group receiving the new drug 
and a control group (active or inactive control). 

The use of preclinical cancer models for selection of po- 
tential cancer therapeutics was pioneered by the NCI in the 
United States in the mid-1950s. The screening strategies used 
until 1990 were essentially compound oriented and involved a 


3 The abbreviations used are: RR, response rate; NCI, National Cancer 
Institute; NSCLC, non-small cell lung cancer; NSC, National Service 
Center; T/C%, treated over control tumor volume ratio. 
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small number of predominantly murine allograft tumors, with 
emphasis on leukemia (1-7). Several studies from the NCI and 
others demonstrated that this approach had low clinical predic- 
tive value for activity in Phase II trials (5-9) and yielded 
compounds with selective activity toward human leukemias and 
lymphomas (10-12). Thus, in 1990, the NCI introduced a dis- 
ease-oriented in vitro Human Tumor Cell Line Screen com- 
prised of 60 cell lines from the most common adult tumors 
(13-17). The screen was designed so that each tumor type was 
represented by a panel of cell lines, selected on the basis of 
different subhistological features, and common drug resistance 
profiles. It was hoped that this screen would help identify drug 
leads with high potency and/or selective activity against partic- 
ular tumor types. 

Recently, the NCI examined the correlation between drug 
activity in Phase II clinical trials and preclinical activity in 
cancer models (18). Important findings were: (a) with the" ex- 
ception of NSCLC, preclinical activity in human xenografts of 
a particular tumor type did not correlate significantly with Phase 
II activity in the same type of tumor, (b) with the exception of 
breast and colon histologies, human xenografts did not signifi- 
cantly predict Phase II clinical activity in other cancers types; 
and (c) compounds that were active in at least one-third of all 
tested human xenografts were likely to have at least some 
activity in Phase II clinical trials. 

Studies examining the clinical predictive value of preclin- 
ical cancer models outside the scope of the NCI screening 
programs have focused on the human xenograft model and have 
looked predominately into same-tumor correlations (disease- 
oriented approach). These studies have produced both positive 
(the model was found clinically predictive) and negative (the 
model was found to have no clinical predictive value) results in 
various tumor types (19-27). 

Two major criticisms can be made on the overall body of 
literature concerning the clinical predictive value of preclinical 
cancer models. First, the vast majority of studies to date, both 
within and outside the NCI, have based their conclusions on the 
observation of trends rather than the use of statistical methods. 
Second, all studies conducted previously have used dichoto- 
mous definitions of preclinical and/or clinical activity based on 
largely invalidated cutoff values of measures of activity: a 20% 
RR in Phase II clinical trials and (most commonly) a 42% 
T/C% in human xenografts and mouse allografts. 

In addition, two important questions have not been ad- 
dressed at all by previous studies: the clinical predictive value of 
the in vitro cell line model and the relative clinical usefulness of 
the different preclinical cancer models in use today (i.e., how 
different models compare with each other in terms of their 
ability to identify clinically effective drugs). 

Thus, we conducted a study comparing the clinical (Phase 
II) predictive value of three widely used preclinical laboratory 
cancer models, the in vitro human cell line, the mouse allograft, 
and the human xenograft. We used quantitative measures of 
both clinical and preclinical activity and statistical methods. We 
considered three relevant questions: (a) the clinical predictive 
value of the three models within the same tumor type (disease- 
oriented approach); (b) the clinical predictive value of the three 
models when one preclinical tumor type is used as a predictor of 
overall clinical activity in all other tumor types (compound- 


oriented approach); and (c) the clinical predictive value of the 
three models when overall preclinical and clinical activity in all 
tumor types combined is considered. 

MATERIALS AND METHODS 
Study Design 

A retrospective, literature-based study was conducted. Data 
were retrieved from studies published between 1985 and 2000. 
This period was chosen as one when all three preclinical cancer 
models of interest to this study were in use and because it was 
long enough and close enough to the present as to afford data on 
a relatively large number of recently developed drugs. 

The data search was restricted to four of the most common 
and commonly studied solid tumor types, breast, colorectal, 
ovarian, and non-small cell lung cancers, to ensure that suffi- 
cient data would be available. 

The Medline and CancerLit databases were used for the 
collection of published data. In an attempt to minimize publi- 
cation bias, both paper publications (peer reviewed) and meeting 
abstracts (nonpeer reviewed) were used as sources of informa- 
tion. If published data were not available for identified drugs, 
manufacturers were contacted for unpublished data. 

Selection of Drugs 

Drugs were identified by searching the Medline and Can- 
cerLit databases for compounds that had undergone single agent 
Phase I clinical trial testing either in 1991 or 1992. Agents with 
novel targets such as signal transduction or angiogenesis mod- 
ulators were not included. 

This Phase I-based approach to agent identification was 
used to ensure selection of agents developed within the study 
time frame of 1985-2000: agents with a published Phase I 
clinical trial in 1991 or 1992 were expected to have been 
through preclinical testing between 1985 and 1990 and to have 
undergone Phase II clinical evaluation by the year 2000. In 
addition, this approach was adopted to minimize publication 
bias: publication of Phase I trials is generally less dependent on 
the observation of favorable tumor responses than publication of 
Phase II trials or of preclinical cancer model experiments. 

Data Collection and Drug Activity 

Phase II Clinical Trials. Phase II clinical trials for each 
drug were identified by searching the Medline and CancerLit 
databases for scientific papers, reviews, or meeting abstracts. 
Duplicate publications were discarded. For trials with only 
abstract information, an additional search by author and/or in- 
stitution name was conducted in Medline or CancerLit. Scien- 
tific papers were used in preference to abstracts, where possible. 

Two restrictions were applied. The first was a geographic 
restriction: to ensure uniform methodology in trial conduct and 
RR assessment, only Phase II trials conducted in the Americas, 
Western Europe and Australia were included in the analysis. 
The second restriction referred to the treatment population and 
aimed to ensure that uniformly responsive populations of pa- 
tients would be considered. For breast and ovarian cancer, only 
Phase n trials that included patients who had received prior 
chemotherapy for metastatic disease were used, whereas for 
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NSCLC and colon cancers, the Phase II trials selected included 
patients who had received no prior chemotherapy. 

For each individual Phase II trial the following information 
was collected: disease site; previous chemotherapy; disease 
stage; number of patients entered; eligible; evaluable and evalu- 
able for response; number of complete and partial responses; 
and criteria used for response (standard WHO versus other). 
Trials had to have enrolled a minimum of 14 patients, at least 12 
of whom must have been evaluable for response. Completed 
Phase II trials for which >20% of entered patients were listed as 
inevaiuable for response were considered methodologically un- 
acceptable and were not used. For trials in progress at the time 
of reporting (meeting abstract format only), the available data 
were used even if they represented <80% of the enrolled 
patients, provided that they met the 14-patient criterion. If a trial 
publication did not specify the previous chemotherapy treatment 
status of patients, it was not used. Information from Phase I-II 
trials was used only when the Phase I and n components of the 
trial were separately conducted and reported. Phase II informa- 
tion was collected regardless of drug dose and route of admin- 
istration. 

For a given drug, in a given cancer type, the activity in a 
single Phase II clinical trial was recorded as the RR: the number 
of partial and complete tumor responses over the total number of 
patients evaluable for response. The number of evaluable rather 
than eligible patients was used to accommodate information 
from trials for which final results were not available. In the very 
few cases where the number of patients evaluable for response 
was not provided, the number of evaluable patients, the number 
of eligible patients, or the number of patients entered in the trial 
(whichever was provided by the investigators) in that priority 
order was used. 

To obtain a drug's overall clinical activity in multiple 
Phase n trials of patients with the same tumor type, all responses 
and the collective number of patients evaluable for response 
were pooled from individual trials to calculate an overall RR. 
Finally, to get the Phase II activity for any three or four cancer 
types combined, the individual tumor RRs were averaged. 

Human Xenografts and Mouse Allografts. The search 
strategy for mouse cancer model data were similar to the Phase 
II process. The only exclusion in this case were results obtained 
with mouse tumors that were engineered to have special char- 
acteristics such as, for example, overexpression of proteins 
conferring drug resistance. 

For each murine allograft or human xenograft, numerical 
value(s) of activity for drugs of interest was retrieved only if 
expressed as the treated over control tumor volume ratio (T/C%) 
or the tumor volume growth inhibition ratio (GI%; arid T/C% = 
100% - GI%) in the literature sources. In addition, only T/C% 
values calculated by the formula T/C% = [(RVtreated)/(RV- 
control)] X 100% were collected (where RV = relative vol- 
ume), whereas T/C% values defined for regressions [T/C% = 
[(RVtreated (0) - RVtreated(t))/RVtreated (0)] x 100%] were 
excluded to ensure uniform calculation methods. If the T/C% 
was not provided but a relative tumor growth curve was given as 
a figure in a publication, the numerical values for the treatment 
and control groups provided in this graph were used to calculate 
the T/C%. Activity reported as all mice cured or 100% complete 
responses was considered equivalent to and recorded as a T/C% 


= 0. If no exact T/C% value was given but an interval of values 
was provided instead (i.e., T/C% >42), a T/C% equal to the 
interval midpoint value (i.e., a T/C% = 71) was assigned. 
Finally, where preclinical activity was reported as GI%, it was 
converted to T/C% by the formula T/C% = 100% - GI%. The 
activity value for the most effective, nontoxic dose in each 
schedule was recorded. 

Single tumor type preclinical activity of each drug in the 
murine allograft or human xenograft models was defined as the 
mean T/C% value from all tested allografts/xenografts of that 
tumor type. Where the same laboratory had tested a single 
xenograft/allograft with multiple schedules of the same drug 
and/or where the same xenograft/allograft had been tested with 
the same drug by more than one laboratories, T/C% values for 
a single tumor were obtained by first averaging the same labo- 
ratory T/C% values and then the same xenograft T/C% values. 

Overall preclinical activity in xenografts/allografts for all 
four tumor types together was expressed as the average of single 
tumor mean T/C% values. 

In Vitro Human Tumor Cell Lines. The publicly avail- 
able data from the NCI's Human Tumor Cell Line Screen was 
used as the information source for the in vitro tumor cell line 
model. Information from the NCI in vitro Human Tumor Cell 
Line Screen was favored because it was a readily available, 
well-defined, comprehensive, validated, and extensive single 
source of data. Another important reason was that as an explor- 
atory literature search showed, there was such a wide variation 
between different investigators in the types of assays used and 
the nature of cell lines tested that it would have been impossible 
to comprehensively combine published data from various labo- 
ratories. 

Acquisition of NCI Human Tumor Cell Line Screen data 
were done through the internet. 4 Information for each drug was 
obtained through its NCI code number or NSC number. Such 
numbers, where available, were identified either from the liter- 
ature or from a cross-reference of compound names and NSC 
numbers in the NCI database (also available on the NCI web 
site). 4 

Testing of compounds in the NCI in vitro Human Tumor 
Cell Line Screen has been described previously (17). Briefly, 
growth inhibition in cell lines is measured by the GI 50 , defined 
as the drug concentration that causes a 50% reduction in cell 
number in test plates relative to control plates. For every drug 
entering the screen, a concentration range comprised of five, 
10-fold dilutions is tested in each of a group of 60-80 cell lines. 
The optical densities between treated and control plates, as 
resulting from the sulforhodamine B assay, are used to construct 
a dose-response curve for each cell line in the screen, leading to 
the calculation of a GI 50 in every case by interpolation. In the 
case of compounds with low (i.e., the highest concentration 
tested causes <50% growth inhibition) or high (i.e., the lowest 
concentration tested causes >50% growth inhibition) potency 
where interpolation is not possible, the highest and lowest 
concentrations, respectively, in the tested drug concentration 


4 Internet address: http://www.dtp.nci.nih.gov/docs/cancer/searches/ 
cancer_open_compounds.html. 
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range are recorded as the approximated GI 50 s. GI 50 s are then 
converted to their Log 10 values and the overall mean Log 10 GI 50 
across all cell lines in the screen is calculated. Finally, the 
results are displayed by a bar graph called the mean graph (28). 
This graph lists all of the cell lines and their corresponding 
Log 10 GI 50 s and relates the magnitude of every individual cell 
line Log 10 GI 50 to the mean Log 10 GI 50 across all of the cell lines 
by a bar to the right (more sensitive than average) or to the left 
(less sensitive than average) of a vertical line. The experiment is 
repeated several times for each concentration range. In cases 
where mean graphs are based on mostly approximated GI 50 s, 
other higher or lower concentration ranges of the drug (again 
made of five, 10-fold dilutions) are also tested. Thus, for each 
compound tested in the NCI in vitro Human Tumor Cell Line 
Screen, multiple GI 50 mean graphs (one for each concentration 
range tested) based on multiple experiments each and with a 
different content of approximated versus calculated (by interpo- 
lation) GI 50 s may exist in the NCI database. 

We obtained all of the available GI 50 mean graph informa- 
tion from the NCI web site for all drugs in our list of compounds 
with known NSC numbers. 4 For every drug, we recorded the 
number of concentration ranges tested in the NCI in vitro 
Human Tumor Cell Line Screen, the number of experimental 
repetitions conducted for each concentration range, and, finally, 
the number of approximated Log 10 GI 50 s in each mean graph. 

The drug concentration range that produced the mean 
graph with the smallest number of approximated Log 10 GI 50 s 
was used for scoring a drug's activity in the NCI in vitro Human 
Tumor Cell Line Screen, unless a different concentration range 
existed, with a number of approximated Log 10 GI 50 s varying 
<10% from the first but for which more experiments were done. 

Preclinical activity in the NCI in vitro Human Tumor Cell 
Line Screen was scored in two different ways: by the mean 
Log 10 GI 50 and by what was termed the activity fraction. For a 
given drug, in a given tumor type, the mean Log 10 GI 50 was 
computed by averaging the Log 10 GI 50 s from all of the cell lines 
of that tumor type in the mean graph corresponding to the most 
appropriate concentration range. The activity fraction was arbi- 
trarily defined as the number of cell lines of a given tumor type 
in which the individual Log 10 GI 50 s were more sensitive to the 
drug than the average Log 10 GI 50 (for all cell lines of all cell 
types) in the mean graph over the total number of cell lines 
tested from that tumor type. The activity fraction was also 
calculated from the mean graph corresponding to the most 
appropriate concentration range. Overall mean Log 10 GI 50 s or 
activity fractions for all four cancer types combined were cal- 
culated by averaging the single tumor values. 

Statistical Analysis 

For each preclinical cancer model, 9 Phase II versus pre- 
clinical activity relationships were examined for a total of 27: 
relationships by tumor type (disease-oriented approach, 4 rela- 
tionships/model), predictive ability of one tumor type for the 
other three tumor types combined (compound-oriented ap- 
proach, 4 relationships/model), and general predictive ability for 
all four tumor types combined (1 relationship/model). 

Relationships were first examined descriptively with the 
construction of various Phase II overall activity versus preclin- 


Table 1 Drugs selected, for data collection. NSC numbers are shown, 
where available 


Drug 

NSC number 

Taxotere 

628503 

Paclitaxel 

125973 

Topotecan 

609699 

Irinotecan 


Rhizoxin 

332598 

Gemcitabine 


Fazarabine 

281272 

Teniposide 

122819 

Menogaril 

269148 

Fosquidone 

D6 11615 

Elsamitrucin 

369327 

Amonafide 

308847 

Didemnin B 

325319 

Suramin 


Raltitrexed 

639186 

Flavone acetic acid 

347512 

Epirubicin 

256942 

Cl-921 

343499 

Trimetrexate 

352122 

Multitargeted antifol 


Vinorelbine 


Piritrexim 

351521 

Fotemustine 


CI-980 


Chloroquinoxaline sulfonamide 

339004 

Ilmofosine 


CI-941 


Tiazofurin 

286193 

Pyrazine diazohydroxide 

361456 

Tallimustine 


Crisnatol 



ical activity scatter plots (Microsoft Excel software). Each point 
on these scatter plots represented data from one drug for which 
both Phase II and preclinical activity values had been calculated 
from literature sources, as described above. 

After descriptive evaluation of the data, Spearman rank 
correlation coefficients were obtained using the SAS software, 
UNIX version 6.12. A significance test of every correlation 
coefficient was performed, and the corresponding Ps were cal- 
culated. Spearman rank (nonparametric) correlation coefficients 
were used because the distributions of the x (preclinical activity) 
and y (clinical activity) variables were not normal (29). 

When multiple comparisons are made within a group of 
data such as in this work, there is increased possibility that some 
correlations will come up as statistically significant solely be- 
cause of chance (false positives). To avoid this, multiple com- 
parison correction methods (e.g., Bonferroni approach) are often 
used to adjust the significance level to a lower P than conven- 
tionally used. However, relying on corrected probabilities in- 
creases the possibility that meaningful correlations will be 
missed (false negatives), making the nature of the scientific 
work key to the decision to use multiple comparison adjustment 
methods or not. Because this was an exploratory study, we were 
willing to accept a higher probability of false positives to ensure 
that potentially meaningful associations would not be discarded. 
We therefore did not correct for multiple comparisons and chose 
a level of significance of 0.05. 
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Fig. 1 Phase II Activity (overall response rate) versus preclinical activity (mean Log 10 GI 50 ) scatter plots and 
correlation analyses for the in vitro cell line model. The arrows show data points corresponding to the drugs 
didemnin B, elsamitrucin, or rhizoxin and correlation coefficients are given with and without ("w/o arrows") the 
inclusion of these points. * indicates statistical significance at the 5% level. A, relationships by tumor type. B, 
relationships for when the preclinical activity in one tumor type was correlated with the Phase II activity in the 
other three tumor types combined. C, relationships for preclinical and clinical activity in all four tumor types 
combined. 


RESULTS 

The Medline and CancerLit databases were searched for 
cancer drugs (excluding agents with novel targets such as signal 
transduction or angiogenesis modulators) that had undergone 
single agent Phase I clinical trial testing either in 1991 or 1992. 
This search led to 97 drug names. After excluding drugs that 
were eliminated from additional clinical testing for practical 
reasons (for example difficulties with the drug formulation), 
drugs that were specifically developed for a certain type of 
cancer (as for example hormone-regulating compounds for 
breast cancer) and drugs that were still the subject of published 
Phase I studies in 1991 and 1992 despite already being licensed 
for human use before 1985, a list of 31 agents was obtained 
(Table 1). After applying the restrictions and criteria mentioned 
under "Materials and Methods," we extracted from the literature 
preclinical and Phase II activity information for those agents on 
four common cancer types, breast, NSCLC, ovary, and colon. 
Overall, 100 preclinical and 307 Phase LT clinical literature 
references were used spanning the period between 1985 and 
2000. 


No preclinical data were found for 5 of the 31 drugs 
researched. Of the 26 drugs remaining, availability of preclinical 
and Phase II data varied, depending on which preclinical and 
clinical tumor(s) had been tested and published in each case. 
Thus, each of the relationships examined had a different number 
of data points as different subsets of drugs were included. The 
most data points for any relationship were 17. For six relation- 
ships, five or fewer data points were available (relationships 
with fewer than five data points were not included in the results 
presented below). 

In Vitro Cell Line Model. Fig. 1 shows the Phase LT 
activity versus preclinical activity scatter plots and correlation 
analysis for the in vitro cell line model when the mean 
Log 10 GI 50 was used as the measure of preclinical activity. 
Because the lower the mean Log 10 GI 50 , the higher the potency 
of a drug, a negative correlation between mean Log 10 GI 50 and 
Phase II overall RR was expected if the model had a good 
clinical predictive value. Significant negative correlations were 
found for NSCLC (Fig. IA), for breast or ovarian cell lines 
versus overall Phase II activity in the other three tumor types 
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/^g. 2 Phase II activity (overall response rate) versus preclinical activity (mean T/C%) scatter plots and correlation analyses for the human xenograft 
model. A, relationships by tumor type. B> relationships for when the preclinical activity in one tumor type was correlated with the Phase II activity 
in the other three tumor types combined. 


(Fig. IB\ and for preclinical activity versus Phase II activity in 
all four tumor types (Fig. 1Q. 

Although the trends observed with the activity fraction 
were similar to ones seen for the mean Log 10 GI 50 measure, no 
correlations were statistically significant in this case (data not 
shown). 

Human Xenograft Model. A negative correlation be- 
tween Phase II RRs and mean T/C% values was expected to be 
indicative of a good clinical predictive value for the human 
xenograft model. As shown in Fig. 2, no significant correlations 
between preclinical and clinical activity were observed for this 
model in our analysis. 

For some of the drugs, preclinical activity calculations 
were based on multiple human xenografts of the same tumor 
type (i.e., panels) while for others on only a single xenograft. 
The relationships in Fig. 2 were reanalyzed, including only the 
drugs for which preclinical information on more than one hu- 
man xenograft was available (Fig. 3). The results did not change 
for breast or colon tumors (compare Fig. 3 A with Fig. 2A). 
However, die relationship for NSCLC became statistically sig- 
nificant and a highly significant correlation was seen for ovarian 
cancer (Fig. 3 A) . A near significant correlation was obtained 
when ovarian human xenograft panels were used to predict 
clinical activity in the other three tumor types combined (Fig. 
3B). 

Murine Allografts. No significant correlations between 
preclinical and clinical activity were observed for any of the 
relationships examined in this study for the murine allograft 
model (data not shown). 

Additional Analyses. The scatter plots in Fig. 1 revealed 
an interesting observation: in every relationship except for colon 


cancer under the disease oriented approach, an obvious trend 
toward a negative correlation was evident except for one to three 
outlier data points (Fig. 1, arrows). Interestingly, in all cases, 
these outlier data points corresponded to the same three drugs, 
namely elsamitrucin, didemnin B, and rhizoxin. 

In an attempt to provide a possible explanation for this 
observation, we considered the mechanism of action of all drugs 
that were included in the correlations in Fig. 1 . From a total of 
18 drugs (Table 2), 5, namely, elsamitrucin, didemnin B, rhi- 
zoxin, flavone acetic acid, and fosquidone, were distinct in that 
they seemed to act through mostly unknown pathways that were 
not the typical DNA-based mechanisms of action of cytotoxic 
cancer agents. Thus, although flavone acetic acid and fosqui- 
done fitted the rest of the data, there seemed to be a plausible 
mechanistic basis for the outlier behavior of the data points for 
elsamitrucin, didemnin B, and rhizoxin. In fact, exclusion of 
these three drugs led to highly significant correlations in all 
cases except for the same tumor relationship in colon cancer 
(Fig. 1, correlation coefficients and Ps for "w/o arrows")* It 
should be noted that none of the relationships examined for the 
human xenograft models (Figs. 2 and 3) included elsamitrucin, 
didemnin B, or rhizoxin as data points. 

Because of the intriguing results obtained with the human 
NSCLC and ovarian xenograft panels in Fig. 3 A, a more detailed 
examination of these panels was pertained. As seen in Figs. 4A 
and 5A y the 6 ovarian and 7 NSCLC xenograft panels differed 
both in the numbers (minimum of 6 and maximum of 13 for 
ovary and minimum of 2 and maximum of 8 for NSCLC) and 
the identity of the xenografts that they contained. Analysis by 
grade/histology was hindered by lack of complete information 
on all xenografts. However, some patterns appeared distinguish- 
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Fig. 3 Phase II activity (overall response rate) versus preclinical activity (mean T/C%) scatter plots and correlation analyses for the human xenograft 
model. Only data points for which two or more human xenografts were used to generate the preclinical activity values are shown. * indicates statistical 
significance at the 5% level. A, relationships by tumor type. B, relationships for when the preclinical activity in one tumor type was correlated with 
the Phase II activity in the other three tumor types combined. 


Table 2 Mechanisms of action of drugs used in clinical vs. pre-clinical correlations for the in vitro cell line model (Fig. 1) 
Atypical cytotoxics are shown in bold. 


Drug 


Mechanism of action 


Amonafide 
CI-921 
Didemnin B 
Elsamitrucin 


Epirubicin 
Fazarabine 
Flavone acetic acid 

Menogaril 
Piritrexim 
Khizoxin 

Taxol 

Taxotere 

Teniposide 

Topotecan 

Trimetrexate 

Fosquidone 

Tomudex 

Tiazofurin 


DNA intercalator 

Acts on topoisomerase II 

Not understood. Believed to act on protein synthesis 

Not understood. It has been observed to inhibit topoisomerase I and II in in vitro 
experiments (relevance to in vivo uncertain). In cells in culture it has been observed 
to cause a cytostatic effect. 

Attaches to DNA at G bases 

Probably inhibits DNA synthesis by incorporation into DNA. 

Has antivascular action in mice (probably not applicable to humans). Also believed to 

induce cell cycle arrest by generating reactive oxygen species that act on DNA. 
Causes cleavage of double-stranded DNA by inhibiting topoisomerase II 
Inhibits dihydrofolate reductase 

Not fully understood. May interact with tubulin (different binding site than taxoids) and 

lead to cell cycle arrest. Also observed to act as an angiogenesis inhibitor. 
Microtubule destabilizing agent that causes apoptosis 
Microtubule destabilizing agent that causes apoptosis 
DNA synthesis inhibition by stabilization of cleavable DNA complexes 
Topoisomerase I inhibitor 
Antifolate 

Unknown. Not a DNA binder or a topoisomerase inhibitor 
Thymidylate synthase inhibitor 

Inhibits 5'-phosphodehydrogenase t the rate-limiting enzyme for guanine ribonucleotide 
synthesis 


able. All ovarian panels contained 10-20% undifferentiated 
tumors and also included both poorly differentiated and mod- 
erately differentiated subtypes (Fig. 4B). For NSCLC, all panels 
included adenocarcinoma xenografts with a frequency of >30% 
(Fig. SB). These observations suggested that the frequency of 
histological/grade subtypes within a xenograft panel may be an 


important determinant of clinical predictivity rather than the 
number or the nature of the xenografts. 

In an attempt to explore this hypothesis and to further 
examine the validity of the results obtained for ovarian cancer 
and NSCLC in Fig. 3 A, the literature was reviewed for addi- 
tional data. Six more agents with known overall Phase HRRs in 
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NAME 

HISTOLOGY / 
GRADE 

DATA POINTS (DRUGS) 

EPIRUBICIN 

FOSQUIDONE 

GEMCITABINE 

MENOGARJL 

TAXOTERE 

PACUTAXEL 

MR1-H-207 

undiff crcntiatwl 

+ 

+ 


+ 

+ 


A2780 

un differentiated 

+ 


+ 

+ 



Ov.He 

mod. diff. mucinous 

+ 

+ 

+ 




Ov.Me 

carcinosarcoma 

+ 

+ 


+ 



OvRiC 

mod. diff. serous 

+ 

+ 

+ 





poorly diff., mucinous 

+ 

+ 


+ 

+ 


Ov.Pe 

mod. diff. j mucinous 


+ 

+ 

+ 

+ 



clear cell sarcoma 

+ 

+ 


+ 



T17 

cystoadcnocarc inoma 

+ 






T385 

aUC I LIU Ul 11a 

+ 






OvGR 

llll/U. Ui-lJ» t Ullfl*lUUU3 







Ftco 

mod. dfrT. serous 







OvGl 

poorry diiT., serous 


+ 





OVCAR-3 

adenocarcinoma 



+ 


+ 

+ 

A121a 

? 





+ 

+ 

HOC18 

poorly diff., serous 





+ 

+ 

HOC22 

poorly diiT:, serous 





+ 

+ 

A2780/DDP 

undifferentiated 






+ 

A2780/DX 

undifferentiated 






+ 

SKOV-3 

adenocarcinoma 







1° ovary 1 

cystoadenocarcinoma 






+ 

1° ovary 2 

dediff. serous adenoc. 






+ 

IGROV 1 

moderately diff. 






+ 

OVCAR-8 

poorly diff. adenoc. 






+ 

OVCAR-5 

adenocarcinoma 






+ 

OvSh 

poorly diff., serous 





+ 


HOC22-S 

poorly diff., serous 





+ 


TOTAL NO. 


10 

10 

6 

8 

10 

13 
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HISTOLOGY/GRADE FREQUENCIES IN HUMAN OVARIAN XENOGRAFT PANELS 


HISTOLOGY / 
GRADE 

EPIRUBICIN 
NO. (%) 

FOSQUIDONE 
NO. <%) 

GEMCITABINE 
NO. (%) 

MENOGARIL 
NO. (%) 

TAXOTERE 
NO. (%) 

PACUTAXEL 
NO. (%) 

undifferentiated 

2 (20) 

1 (10) 

1 (H) 

2 (25) 1 

1 (10) 

3 (23) 

mod. diff., mucinous 

2 (20) 

3 (30) 

2 (33) 

2 (25) 

1 (10) 

0 (0) 

mod diff., serous 

1 (10) 

2 (20) 

2 (33) 

1 (12.5) 

1 (10) 

0 (0) 

poorly diff., mucinous 

1 (10) 

1 (10) 

0 (0) 

1 (12.5) 

1 (10) 

0 (0) 

poorly diff., serous 

0 (0) 

1 (10) 

0 (0) 

0 (0) 

4 (40) 

2 (15) 

unspecified 

4 (40) 

2 (20) 

1 07) 

2 (25) 

2 (20) 

8 (62) 

TOTAL 

10 (100) 

10 (100) 

6 (100) 

8 (100) 

10 (100) 

13 (100) 


Fig. 4 Human ovarian xeno- 
graft panels for the six data 
points (drugs) used in the 'Ovary 
versus Ovary" relationship in 
Fig. 3A. A, names and histology/ 
grade (? = unknown, mod. 
diff. = moderately differentiated, 
poorly diff. - poorly differenti- 
ated, dediff. = dedifferentiated, 
adncrc = adenocarcinoma) of all 
of the xenografts tested. Inclu- 
sion of a particular xenograft in 
one of the panels is shown by a 
"+" sign in the corresponding 
row and under the appropriate 
drug column. 5, histology/grade 
subtypes in the human ovarian 
xenograft panels by number and 
percentage. 


previously treated patients with ovarian cancer were found. Five 
and one of these compounds had been tested in a panel of 15 and 
6 human ovarian xenografts, respectively (26, 30), which fitted 
the histology/grade patterns identified in Fig. 4B. Fig, 6A lists 
the names and Phase n RRs (31-56) of these additional drugs 
together with the six compounds that were included in the 
analysis in Fig. 3 A. Fig. 6, A and 5, also shows mean T/C% 
values scatter plots and statistical analyses for two cases: first, 
for when all of the available xenograft information was used, 
and second, for when mean T/C% calculations were based, 
where possible, on the arithmetically smallest panel, namely the 
one used for gemcitabine in Fig. 4. Highly significant correla- 
tions were obtained in both cases (Fig. 6B). 

For NSCLC information on two additional agents was 
found: amsacrine [mean T/C% of 62 (26) and Phase II RR equal 
to 0.06 (31)] and doxorubicin [mean T/C% of 47 (26) and Phase 
II RR equal to 0.12 (32)]. Both had been tested in NSCLC 
human xenograft panels that included all three histological 
subtypes and had adenocarcinoma contents of 29 and 33%, 


respectively. As for ovarian cancer, those two additional data 
points (Fig. 5C, arrows) enhanced the statistical significance of 
the relationship observed in Fig. 3 A. 

DISCUSSION 

A literature-based, retrospective study was conducted to 
examine the clinical predictive value of three widely used pre- 
clinical cancer models, namely, the in vitro human tumor cell 
line, the human xenograft, and the murine allograft models. Four 
solid tumor types were selected, breast, NSCLC, ovary and 
colon, and data on a set of 31 anticancer agents (excluding 
agents with novel targets such as signal transduction or angio- 
genesis modulators) were collected. Preclinical activity in each 
model was correlated with RRs in Phase II clinical trials by 
tumor type (disease-oriented approach) in the case when one 
preclinical tumor type was used as a predictor of overall clinical 
activity in the other three tumor types combined (compound- 
oriented approach) and for all four tumor types together. 
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Fig. 5 Human NSCLC xenograft panels for 
the seven data points (drugs) used in the 
NSCLC versus NSCLC relationship in Fig. 
3A. A, drug names (EPI = epirubicin, 
FAZ = fazarabine, GEM = gemcitabine, 
IRINO = irinotecan, PACLIT = paclitaxel, 
TOPO = topotecan, VINRLB = vinorel- 
bine) and histological subtypes (? = un- 
known) of all of the xenografts tested. Inclu- 
sion of a particular xenograft in one of the 
panels is shown by a sign in the corre- 
sponding row and under the appropriate drug 
column. B, histological subtypes in the hu- 
man NSCLC xenograft panels by number 
and percentage. C, scatter plot and correla- 
tion analysis for the same tumor clinical 
versus preclinical activity relationship in 
NSCLC, including the seven drugs in Fig. 
6A as well as two additional agents, doxo- 
rubicin and amsacrine (data points shown 
with arrows), with known NSCLC Phase II 
and human xenograft activities. 


XEN. 
NAME 

XENOGRAFT 
HISTOLOGY 

DRUGS 



GEM 

IRINO 

PACUT 

TOPO 

VINRLB 

T222 

squamous cell 








T291 

cidcRoc&rci noma 

+ 








adcnocaTCUio rna 


+ 









+ 







large cell 



+ 

+ 

+ 

+ 

+ 

A549 

adcnocarcino ma 



+ 

+ 

+ 

+ 


CaLu-6 

adenocarcinoma 



+ 





H-74 

? 



+ 





LC-376 

? 



+ 





QG-56 

squamous cell 




+ 



+ 

NCI-H23 

adenocarcinoma 




+ 

+ 



NCI-H226 

squamous cell 




+ 


+ 


MV-522 

adenocarcinoma 





+ 



CaLu-3 

adenocarcinoma 








1° NSCLC 

adenocarcinoma 





+ 



L2987 

adenocarcinoma 





+ 



L-27 

adenocarcinoma 







+ 

LC-06 

large cell 







+ 

LU-65 

large cell 







+ 

PC-12 

adenocarcinoma 







+ 

LU-99 

large cell 







+ 

TOTAL NO. 


2 

2 

5 

5 

S 

3 
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HISTOLOGY FREQUENCY IN HUMAN NSCLC XENOGRAFT PANELS 


HISTOLOGY 

EPI 

NO. (%) 

FAZ 
NO. (%) 

GEM 
NO. (%) 

IRINO 

NO. (%) 

PACLIT 
NO. (%) 

TOPO 
NO. (%) 

V1NORLB 
NO. (%) 

adenocarcinoma 

1 (50) 

1 (50) 

2 (40) 

2 (40) 

6 (75) 

1 (33.3) 

3 (37.5) 

large cell 

0 (0) 

0 (0) 

1 (20) 

1 (20) 

1 (12.5) 

1 (33.3) 

4 (50) 

squamous cell 

1 (50) 

1 (50) 

0 (0) 

2 (40) 

1 (12.5) 

1 (33.3) 

1 (12.5) 

unknown 



2 (40) 





TOTAL 

2 (100) 

2 (100) 

5 (100) 

5 (100) 

8 (100) 

3 (100) 

8 (100) 


C. NSCLC VS NSCLC (ADDITIONAL DATA) 
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Colon cancer was the only site for which a disproportional 
amount of clinically active versus inactive agents were identi- 
fied: only 3 drugs with Phase II RRs > 0.15 and 8 with <0.10 
(Figs. 1-3). However, this was likely a reflection of the lack of 
clinically effective drugs for this tumor type rather than the 
result of selection and publication bias. 

When the mean Log 10 GI 50 measure of preclinical activity 
was used, the in vitro cell line model was found to be predictive 


of Phase II clinical performance for NSCLC under the disease- 
oriented approach in breast and ovarian cancers under the com- 
pound-oriented approach and in the case of all four tumor types 
together. Highly significant correlations were observed in all 
cases, except colon cancer, when three consistent outlier data 
points corresponding to the mechanistically nontypicaf cyto- 
toxic agents didemnin B, elsamitrucin, and rhizoxin were ex- 
cluded in exploratory analysis. Thus, the in vitro cell line model 
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Fig. 6 A, preclinical and Phase II clinical activity 
data for ovarian cancer, including the six drugs in 
Fig. 3A ("Study Drugs") as well as an additional 
six drugs ("Additional Drugs") with known ovar- 
ian Phase II and human xenograft activities. Lit- 
erature references are shown in superscript font. 
B, scatter plots and correlation analysis for the 
same tumor clinical versus preclinical activity re- 
lationship in ovarian cancer based on the data in 
Fig. 5 A. Analysis was done for (a) when all of the 
xenografts were included in preclinical activity 
calculations ("All") and (b) when only the six 
xenografts in the gemcitabine panel were used for 
preclinical activity calculations, where possible 
("Gem. Panel"). Stars indicate statistical signifi- 
cance at the 5% level. 


r= -0.86 p= 0.0004* 


r= -0.88 p= 0.0002* 


might be predictive in the case of typical cytotoxic cancer agents 
but might fail to provide reliable information for at least some of 
the noncytotoxic cancer drugs. Additional studies are needed to 
explore this observation. 

The fact that drug potency (mean Log 10 GI 50 ), a pharma- 
cological measure, was found to be predictive of Phase n 
performance was somewhat surprising but has been noted pre- 
viously: a recent study by Johnson et al (18) demonstrated a 
highly significant correlation between potency in the NCI hu- 
man tumor cell line screen and activity in the hollow fiber assay. 
Pharmacological considerations (pharmacological differences 
between the species) might provide a possible explanation why 
some anticancer agents appear effective in in vivo mouse models 
but fail to show efficacy in Phase II trials. Experience with some 
agents (57) has shown that the maximum-tolerated dose in 
mouse can be higher than in humans, presumably because of an 
intrinsic ability of mouse cells to tolerate higher drug doses 
and/or more efficient elimination in the mouse. 

In contrast to the in vitro cell line, our results suggest that 
the murine allograft model, as used in this analysis, is not 
predictive of clinical Phase II performance. This is in agreement 
with the conclusions from a large body of information originat- 
ing from the NCI screening programs in use from 1975 to*1990 
(5-8, 10-12). 


The human xenograft model showed good tumor-specific 
predictive value for NSCLC and ovarian cancers when panels of 
xenografts were used. However, it failed to adequately predict 
clinical performance both in the disease and compound-oriented 
settings for breast and colon tumors. The results with breast 
cancer were in agreement with a recent study (18) but were 
contradictory to the work reported by Bailey et al. (20), Inoue et 
al. (21), and Mattern et al. (24). However, given that the latter 
studies did not use formal statistical methods, our conclusions 
may be more robust. The results for ovarian cancer were in 
agreement with studies by Taetle et al. (23) and Mattern et al 
(24) but contradicted the conclusions of the recent NCI United 
States study by Johnson et al (18). Our results for NSCLC were 
consistent with the observations from all previous studies that 
examined same tumor correlations in this cancer type (18, 24). 

For NSCLC and ovarian cancer patients, a panel of xe- 
nografts was more predictive than single xenografts confirming 
preliminary observations by Bellet et al (19). 

In an effort to identify the properties that may render an 
ovarian or NSCLC human xenograft panel predictive of Phase n 
drug performance, common characteristics were sought. There 
was no similarity in number and only limited overlap in identity 
of xenografts between same tumor type panels. However, cer- 
tain patterns in histology/grade content were found. These ob- 
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servations suggest that the relative histology/grade content 
rather than the number or identity of xenografts within a panel 
may be the important determinant of clinical predictivity. To our 
knowledge, no other study has attempted to identify ovarian or 
NSCLC human xenograft panel features that might lead to 
accurate predictions of a drug's Phase II performance. 

This is the only study that has examined the clinical pre- 
dictive value of three preclinical cancer models together and 
thus allows for direct comparisons between them. The results 
suggest that the human xenograft model is more predictive than 
its murine allograft counterpart and that the in vitro cell line 
model is of, at least, equivalent usefulness to the human xe- 
nograft model. 

The NCI work with cancer drug screening programs from 
1955 to 1990 (Refs. 5-8, 10-12; leukemia-based preclinical, 
compound-oriented screens preferentially yielding compounds 
active against hematological malignancies) in combination with 
our work and recent conclusions by Johnson et al (Ref. 18; 
statistically significant results under the compound-oriented ap- 
proach for some solid tumors) suggest that the compound- 
oriented strategy may be successful when used only within solid 
tumors or only within hematological malignancies but not when 
the two disease groups are considered together. 

In general, our results suggest that the in vitro human tumor 
cell line and the human xenograft models might have good 
clinical predictive value in some solid tumors (such as ovary and 
NSCLC) under both the disease and compound-oriented strate- 
gies, as long as an appropriate panel of tumors is used in 
preclinical testing. 

In conclusion, given the results in this study and those of 
others (6, 7, 10-12), continued use of the murine allograft 
model in drug development may not be justified. The work 
presented here argues for emphasis to be placed on in vitro cell 
lines (in the context of the NCI Human Tumor Cell Line Screen) 
and appropriate panels of the human xenograft model. 

Recent years have seen an explosion in the molecular 
understanding of cancer, which has led to the development of 
not only more effective cytotoxic cancer drugs but of potentially 
cytostatic or antimetastatic agents as well. The future preclinical 
and clinical development of traditional cytotoxic compounds 
will likely follow similar procedures with those practiced today, 
and in that sense, the present findings could contribute to the 
more efficient discovery of such agents. However, the existing 
cancer models and parameters of activity in both the preclinical 
and clinical settings may have to be redesigned to fit the mode 
of action of the novel cytostatic, antimetastatic, antiangiogen- 
esis, or immune response-modulating agents (58). In the pre- 
clinical cancer model front, the case is being made for the use of 
the orthotopic mouse xenograft and transgenic models (59-61) 
because those are thought to more accurately simulate human 
disease, especially in terms of growth characteristics and met- 
astatic behavior. New end points of preclinical activity are 
contemplated such as the demonstration that a new molecule 
truly hits the intended molecular target (58). In Phase II clinical 
trials, there is a growing effort toward validating new surrogate 
endpoints of drug efficacy (58). The next decade will probably 
answer many of the questions regarding the effectiveness of 
these novel agents and will likely define a new role for tradi- 


tional cytotoxic therapies, but it will also bring new challenges 
in terms of preclinical predictors of activity. 
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(BCNU) and 5-(3,3-dimethyl-l-triazino) imidazole-4-carboxamide (DTIC), are known to be 
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□ 1: Br J Cancer. 1980 Oct;42(4):530-6. 


Related Articles, Links 


Chemotherapy of human breast-carcinoma xenografts. 
Bailey MJ, Gazet JC, Smith IE, Steel GG. 

Five lines of human breast-carcinoma xenografts have been tested for sensitivity to 
cyclophosphamide, methotrexate, 5-fluorouracil, adriamycin, vincristine and melphalan, alone 
and in combination, using tumour growth delay as an end-point. The xenograft lines were 
established and passaged in mice immune-suppressed by thymectomy and whole-body 
irradiation. There was a considerable range of sensitivity of the different lines to the agents 
studied, and within this variation there was evidence that the most effective single agent or 
combination differed for each tumour. Combination chemotherapy was more effective than 
single agents in 3 of the lines, but melphalan was more effective than either combination in the 
other 2. It is suggested that a panel of human breast tumours grown in immune-suppressed mice 
may prove useful in testing new cytotoxic agents for activity against breast cancer before their 
use in clinical trials, and that more effective combinations of existing drugs might be designed 
with the aid of this system. 
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□ 1: Cancer Chemother Pharmacol. 1983;10(3): 182-6. 


Related Articles, Links 


Antitumor efficacy of seventeen anticancer drugs in human breast cancer 
xenograft (MX-1) transplanted in nude mice, 

Inoue K, Fujimoto S, Ogawa M. 

To validate the usefulness of a human tumor-nude mice xenograft system as a potential model in 
the secondary screening of anticancer agents, the antitumor activity of 17 anticancer drugs has 
been studied in the treatment of a human breast cancer tumor (MX-1) transplanted to nude mice. 
For evaluation of the antitumor activity of the drugs we employed the LD10 predetermined in 
BDF1 mice as a standard therapeutic dose. Drugs were administered IV, IP, or PO, and 
antitumor activity was assessed by drug-induced growth inhibition measured by caliper. Among 
the 17 anticancer drugs, the most active compounds (maximum inhibition rate of tumor growth: 
greater than or equal to 90%) are mitomycin C, chromomycin A3, vincristine, vinblastine, 
vindesine, and hexamethylmelamine. Another group of compounds showed moderate activity 
(maximum inhibition rate of tumor growth: 89% -50%), these being adriamycin, daunomycin, 
mitoxantrone, bleomycin, 5-FU, 6-TG, and ftorafur. The remaining four drugs (peplomycin, 
cytosine arabinoside, 6- MP, and methotrexate) were inactive against the MX-1 tumor. These 
results suggested that in the nude mouse-human tumor xenograft system of the MX-1 tumor 
there was a good correlation between the antitumor activity of various anticancer drugs and their 
clinical efficacy; this system is therefore expected to be a useful model for the secondary 
screening system. 
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□ 1: Br J Cancer. 1983 Jan;47(l):l-13. 


Related Articles, Links 


The response to chemotherapy of a variety of human tumour xenografts. 
Steel GG, Courtenay VD, Peckham MJ. 

The results of a series of projects on the cytotoxic drug response of human tumour xenografts 
are compared. All were performed in one laboratory, using conventional CBA mice that were 
usually immunosuppressed by thymectomy, cytosine arabinoside treatment, and whole-body 
irradiation. Results on human tumours arising in 9 anatomical sites are included, with the main 
emphasis on colo-rectal, pancreas, breast, lung and testis carcinomas, also melanomas. Growth 
acceleration during successive passage of most of these tumour types was observed. When 
therapeutic response was measured by a growth-delay method there were wide differences in 
response to chemotherapy. Testicular teratomas and small-cell lung tumours responded well; 
breast tumours showed modest response; melanomas, colo-rectal tumours and non-small-cell 
lung tumours responded poorly. Studies of clonogenic cell survival were made in 1 1 
xenografted tumour lines. They confirmed the range of responsiveness and tendency towards 
individuality of the growth delay data. Cell survival in most cases was exponentially related to 
drug dose. This compilation of a large amount of experimental data supports the belief that 
human tumour xenografts broadly maintain the level of chemotherapeutic responsiveness of the 
source tumours in man. 


Publication Types: 
• Review 
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□ 1: Cancer Treat Rep. 1987 Mar;71(3):297-304. 


Related Articles, Links 


Use of nude mouse xenografts as preclinical drug screens: in vivo activity of 
established chemotherapeutic agents against melanoma and ovarian 
carcinoma xenografts. 

Taetle R, Rosen F, Abramson I, Venditti J, Howell S. 

To evaluate the utility of nude mouse xenografts as preclinical drug screens, the activity of ten 
established chemotherapeutic agents was evaluated against seven melanoma and three ovarian 
carcinoma xenografts. Xenografts were established using primary explants from patients who 
had not received chemotherapy and serially passaged as sc tumors in nude mice. In vivo drug 
activities for dactinomycin, carmustine, vinblastine, melphalan, amsacrine, cisplatin, bleomycin, 
mitomycin, doxorubicin, and etoposide were evaluated by 4 weekly ip injections of 10% less 
than LD10 doses. Plots of relative tumor growth versus time were nearly log-linear. Analysis of 
in vivo activity was performed using percent control growth (treated/control tumor volume) and 
by calculation of a novel growth delay index obtained by fitting growth curves to a quadratic 
regression model. Both modes of data analysis identified alkylating agents (melphalan, 
carmustine, and mitomycin) as the most active drugs against human melanomas. Melphalan, 
mitomycin, and cisplatin showed the greatest activity against ovarian xenografts. However, 
complete tumor regressions were noted only with melphalan, mitomycin, and cisplatin against a 
single ovarian tumor xenograft. Correlation analysis suggested xenograft tumor growth rate was 
an important determinant of drug response. These results suggest that preclinical, new-drug 
screening with melanoma xenografts would identify drugs such as alkylating agents as active, 
and may not provide an advantage over murine leukemia screens. However, screening with 
ovarian xenografts may more closely reflect clinical drug activity. Criteria for detecting active 
drugs in such systems are discussed. 

PMID: 3815395 [PubMed - indexed for MEDLINE] 
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□ 1: Cancer Metastasis Rev. 1988 Nov;7(3):263-84. 

Human tumor xenografts as model for drug testing. 
Mattern J, Bak M, Hahn EW, Volm M. 

Department of Experimental Pathology, German Cancer Research Center, Heidelberg, FRG. 

This paper reviews the history of xenografts, the endpoints commonly used to evaluate response 
and chemotherapeutic results obtained with serially maintained human tumor xenografts from 
different laboratories, and discusses the potential clinical relevance of the heterotransplant 
model for cancer chemotherapy. Specifically, an attempt is made to correlate the published 
xenograft data with the clinical data. Drug testing with different types of xenotransplanted 
tumors has shown that the response of xenografts obtained in immune-deficient animals is 
comparable to that in clinical practice. In addition, xenografts of a particular tumor type are able 
to identify agents of known clinical activity against that disease. 

Publication Types: 

• Review 

• Review, Tutorial 

PMID: 3067903 [PubMed - indexed for MEDLINE] 
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□ 1: Eur J Cancer Clin Oncol. 1988 Mar;24(3):567-73. 


Related Articles, Links 


Preclinical phase II studies in human tumor lines: a European multicenter 
study. 

Boven E, Winograd B, Fodstad O, Lobbezoo MW, Pinedo HM. 

Department of Oncology, Free University Hospital, Amsterdam, The Netherlands. 

In an attempt to increase the predictability and to extend the differential capacity of the 
anticancer drug development program the American National Cancer Institute has recently 
proposed the introduction of a screening system consisting of human tumor cell lines to select 
drugs in a disease-oriented fashion rather than by the previously applied drug-oriented strategy. 
Although this new approach offers great advantages, assay limitations can be identified in 
testing unknown compounds for antitumor activity in vitro. Human tumor xenografts grown in 
nude mice may play an additional role in the prediction of clinical activity and die assessment of 
the spectrum of activity of potential anticancer drugs, because they have a better relationship 
with the clinical situation of cancer treatment. In a European multicenter collaboration it has 
been proposed to use panels of human tumor lines from solid tumor types to study: the 
antitumor activity of three different drugs per tumor type; the reliability of 'preclinical' phase II 
studies by comparison of the obtained data with results of phase II clinical trials; the feasibility 
of this joint project, such as the methodology, the reproducibility of experimental data and the 
introduction of uniform activity criteria. If preclinical phase II studies in human tumor lines 
generate reliable results, this in vivo screening system will create a unique possibility to better 
identify promising clinical candidate compounds or analogs of conventional cytostatic agents as 
well as those tumor types likely to respond to the selected investigational drugs. 
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In a European joint project carried out in 6 laboratories a disease-oriented program was set up consisting of a panel of 7 tumor 
types, each represented by 4 to 8 different human tumor lines, for secondary screening of promising anticancer drugs. Human 
tumor lines were selected on the basis of differences in histology, growth rate, and sensitivity to conventional cytostatic agents. 
Xenografts were grown s.c. in nude mice, and treatment was started when tumors reached a mean diameter of 6 mm in groups of 
mice where at least 6 tumors were evaluable. Drugs were given at the maximum tolerated dose. For evaluation of drug efficacy, 
median tumor growth curves were drawn, and specific growth delay and treated/control x 100% were calculated. Doxorubicin (8 
mg/kg i.v. days 1 and 8) was effective (treated/control < 50%, and specific growth delay > 1.0) in 0 of 2 breast cancers, 1 of 3 
colorectal cancers, 2 of 5 head and neck cancers, 3 of 6 non-small cell lung cancers, 4 of 6 small cell lung cancers, 0 of 3 
melanomas, and 3 of 6 ovarian cancer lines. Amsacrine (8 mg/kg i.v. days 1 and 8) was not effective, while datelliptium (35 
mg/kg i.p. days 1 and 8) was active against 2 of 6 small cell lung cancer lines. Brequinar sodium (50 mg/kg i.p. days 1-5) showed 
efficacy in 4 of 5 head and neck cancers, 5 of 8 non-small cell lung cancers, and 4 of 5 small cell lung cancer lines. The project 
has been shown to be a feasible approach. Clinical activity for doxorubicin and inactivity for amsacrine against solid tumor types 
was confirmed in the human tumor xenograft panel. Additional anticancer drugs will be studied in the European joint project to 
further define the reliability of this novel, promising screening approach. 
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BACKGROUND: The EORTC New Drug Development Office has initiated a multicenter collaborative program to evaluate the 
use of human tumor xenografts to predict phase II clinical activity. A first study confirmed the efficacy of doxorubicin and 
inactivity of amsacrine against human tumor xenografts (Boven et aL, Cancer Res: 52, 5940, 1992). In the follow-up study 
reported here, the activities of cisplatin, AZQ (diaziquone), pazelliptine and retelliptine have been evaluated against a panel of 40 
established tumor lines grown subcutaneously in nude mice. DESIGN: The xenografts used represent carcinomas of the breast, 
colon, head+neck, ovary, small cell lung cancer (SCLC), non-small cell lung cancer (NSCLC) and melanoma. Drugs were 
administered intravenously on days 0 and 7. Doses were for cisplatin 5 mg/kg, AZQ 3-7 mg/kg, pazelliptine 20-80 mg/kg and 
retelliptine 6-12.5 mg/kg and were selected to give a median loss of about 10%-15% body weight. RESULTS: When activity was 
defined as a specific growth delay > 1 and a tumor growth inhibition > 50%, then cisplatin demonstrated activity in 15 of 40 
xenografts tested (3 of 5 breast, 1 of 6 colon, 0 of 5 head+neck, 2 of 6 NSCLC, 4 of 7 SCLC, 1 of 5 melanoma and 4 of 6 ovarian 
cancers); AZQ was active in 23 of 38 xenografts (2 of 3 breast, 2 of 7 colon, 4 of 5 head+neck, 3 of 6 NSCLC, 6 of 6 SCLC, 2 of 
5 melanoma, 4 of 6 ovarian cancers); pazelliptine was active in 2 of 38 xenografts (1 of 5 breast cancers, 1 of 5 melanoma) while 
retelliptine was active in 1 of 39 xenografts (a breast cancer xenograft) tested. CONCLUSIONS: These results are reasonably 
consistent with the clinical activity of cisplatin, but overpredict the clinical efficacy of AZQ. Since pazelliptine and retelliptine are 
investigational compounds, the clinical phase II studies will provide a prospective test for this model. The results of the present 
study and the previous one indicate that the human tumor xenograft model could be suitable for predicting the activity of novel 
compounds to be developed for treatment of cancer patients. 
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Mini-Review 


The Use of 3-D Cultures for High-Throughput Screening: 
The Multicellular Spheroid Model 

LEONI A. KUNZ-SCHUGHART, 1 JAMES R FREYER, 2 
FERDINAND HOFSTAEDTER, 1 and REINHARD EBNER 3 


Over the past few years, establishment and adaptation of cell-based assays for drug development and testing has become an 
important topic in high-throughput screening (HTS). Most new assays are designed to rapidly detect specific cellular effects 
reflecting action at various targets. However, although more complex than cell-free biochemical test systems, HTS assays us- 
ing monolayer or suspension cultures still reflect a highly artificial cellular environment and may thus have limited predictive 
value for the clinical efficacy of a compound. Today's strategies for drug discovery and development, be they hypothesis free 
or mechanism based, require facile, HTS-amenable test systems that iriimic the human tissue environment with increasing ac- 
curacy in order to optimize prechnical and preanimal selection of the most active molecules from a large pool of potential 
effectors, for example, against solid tumors. Indeed, it is recognized that 3-dimensional cell culture systems better reflect the 
in vivo behavior of most cell types. However, these 3-D test systems have not yet been incorporated into mainstream drug de- 
velopment operations. This article addresses the relevance and potential of 3-D in vitro systems for drug development, with a 
focus on screening for novel antitumor drugs. Examples of 3-D cell models used in cancer research are given, and the advan- 
tages and limitations of these systems of intermediate complexity are discussed in comparison with both 2-D culture and in 
vivo models. The most commonly used 3-D cell culture systems, multicellular spheroids, are emphasized due to their advan- 
tages and potential for rapid development as HTS systems. Thus, multicellular tumor spheroids are an ideal basis for the next 
step in creating HTS assays, which are predictive of in vivo antitumor efficacy. (Journal ofBiomolecular Screening 2004 :273- 
285). ... 

Key words: cell-based assay, 3-D culture, spheroid, co-culture, anti-tumor drug testing 


INTRODUCTION 

Advances IN GENOMICS and PROTEOMICS have revolution- 
ized drug discovery and target validation and have already 
started to provide researchers and the pharmaceutical industry 
with a rapidly increasing number of molecular targets for thera- 
peutic intervention. Successful development and selection of the 
most active drug leads for a particular disease, such as cancer, re- 
quires reliable and robust test systems. Today, most pharmaceuu- 
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cal companies use a set of specific high-throughput screening 
(HTS) assays as the initial step in drug lead discovery (see Figure 
1). Numerous HTS assays have been established over the past 5 to 
10 years, incorporating a broad range of technological and instru- 
ment advances. This promising process is still ongoing, but the 
value of any individual HTS assay to predict in vivo efficacy has 
not been firmly established. One field of research and development 
for HTS focuses on automation and miniaturization issues to pro- 
vide ultra-mgh-throughput approaches. 1,2 Another field concen- 
trates instead on the design and adaptation of novel, more complex 
test systems to gain deeper insight into the effects and functions of 
molecules in a cellular context, that is, within the complex milieu 
of an intact cell. Currently available cell-based assays can be di- 
vided into 3 major categories: (a) generic cellular responses to ex- 
ternal stimuli (eg, proliferation, viability, cytotoxicity); (b) assays 
to monitor signal transduction pathways (eg, ion channels, second 
messengers, kinase activation); and (c) cellular responses at the 
transcriptional/translational level (eg, reporter gene or protein, 
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FIG. 1. Overview of the drug discovery process focusing on current strategies for the preclinical validation of antitumor candidate therapeutics via pri- 
mary^ and secondary screening tools. Although utilization of 3-D culture assays in routine toxicity testing of candidate therapeutics is still speculative in- 
corporation of 3-D culture systems and tissue-based assays such as the multicellular tumor spheroid model as a secondary screening tool in drug discovery 
and development operations has the potential to allow increased predictability of clinical efficacy fro:vi in vitro validation and to help minimize or replace 
whole animal test models, thereby contributing savings in both development cost and time. This is relent for a broad variety of tog 
those that affect cellular phenorype/differentiation, proliferative activity, signaling pathways, transcriptional activity, or physiological and metabolic 
behavior. 


transcription factor activation). The latter 2 are functional, cell- 
based assay technologies that reflect a recent shift in the anticancer 
drug discovery and screening strategy from empirical to 
mechanistic approaches. 3 * 7 

Today, the common approach used by many pharmaceutical 
companies to screen small-molecule libraries in biochemical- 
based or ligand-binding assays, and to build new classes of lead 
compounds, is frequently complemented by a series of in vitro tox- 
icity and functional HTS assays. However, although cell-based 
screening is established in the drug discovery process, particularly 
in the many well-described cell line models for cancer, 3 its value in 
predicting clinical response to new agents is limited. This lack of 
predictability of commonly employed 2-dimensional (2-D) cellu- 
lar assays is attributable to the fact that such systems do not mimic 
the response of cells in the 3-D microenvironment present in a tis- 
sue, or tumor, in vivo. The focus of this review is on HTS for 
anticancer therapy, although the basic concepts discussed should 
be applicable to other disease states. We will discuss the role of 3-D 
in vitro culture systems in improving the ability of cell-based HTS 
to predict clinical effectiveness and also their potential to replace 
some animal models, as illustrated in Figure 1. 


IN VIVO VERSUS CELL-BASED ASSAYS 
FOR ANTI-TUMOR DRUG TESTING 

It is generally recognized that rodent test systems will remain 
necessary for pharmacokinetic (dosage, formulation, administra- 
tion, half-life) and toxicological (systemic and organ specific) 
evaluation of candidate therapeutic compounds for at least decades 
to come. However, the number of animal models used in the initial 
discovery of lead compounds has already begun to gradually de- 
cline, and the same is expected in target validation. This tendency 
is driven not only by ethical and economic concerns but also by the 
fact that xenograft activity is often not predictive of clinical effi- 
cacy, particularly for a specific histological tumor type. Thus, 
pharmaceutical corporations often maintain 3Q-35 xenograft mod- 
els simultaneously to identify the few that are active for a particular 
compound, thereby increasing the predictive value of their in vivo 
testing. Another strategy is reflected by the shift in the screening 
policy of the U.S. National Cancer Institute Developmental Tliera- 
peutic Program implemented in the late 1980s involving replace- 
ment of the P388 in vivo tumor model by an in vitro anticancer 
drug screen. Today, the 60-cell line screen is preceded by a 3-cell 
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Table 1. Summary of Three-Dimensional Cell Culture Systems Currently Employed in Tumor and Normal Cell Research 


System 


Description 


Uses 


Multicellular 
spheroid 

Cellular 

multilayer 
Matrix-embedded 

culture 
Hollow-fiber 

bioreactor 
Ex vivo culture 


Spherical aggregate of cells in static or stirred suspension culture 

Layers of cells cultured on top of a porous membrane 

Single cells or aggregates embedded in a porous extracellular matrix 


Cells cultured within a network of perfused artificial capillaries 
Piece of tissue or tumor excised and cultured in vitro 


Tumor cell biology, therapy resistance, cell-cell interactions, 
invasion, drug penetration, modeling, tumor markers, nutrient 
gradients, tumor cell metabolism 14 " 16 ^ 

Drug transport and binding, therapy resistance, invasion 

Tumor cell biology, cell-cell interactions, cell migratton and 
invasion, artificial organs 19,20 

Tumor cell metabolism, therapy resistance, artificial organs 21 " 23 
Therapy resistance, cell-cell interactions, tumor markers 


The list of uses and literature citations is not intended to be exhaustive but rather to reflect the most common types of studies published. 


line, 1 -dose prescreen, and followed by in vivo application in a hol- 
low fiber assay. 8 Recent reviews on the NCI-DTP experience re- 
vealed both the hollow fiber model and the in vitro human cancer 
cell line assay to be useful predictors of xenograft activity, with the 
NCI 60-cell line in vitro cancer drug screen yielding slightly 
higher confidence values than the hollow fiber assay. 3,8,9 However, 
no significant correspondence was observed between any single in 
vitro or in vivo preclinical model and actual clinical results. Only 
for compounds with activity in a large proportion of tested 
xenograft models was there any correlation with ultimate activity 
in at least some phase II trials. At first glance, this would imply that 
in vitro assays with monolayer cultures can already be as predic- 
tive of clinical efficacy at this stage of the drug development pro- 
cess as the currendy used common animal test systems. Although 
controversy continues in this arena, several reports have empha- 
sized the limited predictive value of routinely applied in vitro and 
in vivo drug screening models for clinical efficacy. 4 * 5,10 " 12 The 
shortcomings of these models lend further strong support to the 
development of complex, 3-D culture systems that better reflect 
the in vivo pathophysiological situation in human tumor tissues to 
soon replace some animal test strategies. 

Indeed, cell-based models that are able to predict in vivo, clini- 
cal behavior offer obvious advantages in savings of time and 
money. However, as is the case with the xenograft model, many of 
the current in vitro systems for cell-based screening and target 
validation remain unreliable and nonpredictive for clinical effi- 
cacy. 4 - 510 We therefore entirely agree with Bhadriraju and Chen 13 
who proposed in a recent review article that "a principle compo- 
nent of this failure results from our lack of understanding of, and 
inattention to, how to culture cells specifically so that they 
phenotypically represent their in vivo counterparts." It is beyond 
dispute that cells can behave differently depending on their envi- 
ronment and the culture conditions. For example, the choice of me- 
dium and medium supplements (eg, serum, growth factors, pH, 
oxygen), cell density, and the composition of the culture surface 
have a critical impact on cell proliferation, differentiation, migra- 
tion, and death by affecting intracellular signal transduction. This 


interferes with both random and target-specific screening ^> 
proaches, leading to results with high variability and questionable 
relevance. A better understanding of how the cellular 
microenvironment modulates the cellular phenotype as necessary 
to design more appropriate physiologic and pathophysiologic in 
vitro models. 

Currently available cell-based assays for HTS, although retain- 
ing more cellular architectural features than cell-free biochemical 
test systems, still reflect a highly artificial cellular emvironmemt 
For economic and ethical reasons, test systems that miimic the to- 
man tissue environment with increasing accuracy will soon needtto 
be considered to optimize preclinical and preanimal sselection <of 
the most active molecules from the large and growing jpool of drag 
candidates. Efforts to establish and optimize new te>ols for ad- 
vanced cell-based in vitro screening are necessary amd should be 
encouraged. As an example; the recent use of micnofabricati©n ( ~ 
technologies to control cell adhesion, cell shape, intercellular corn- 
tact, and heterologous cell interactions is a promising mew attempt 
to design better and more economic in vitro models. 15 [However* iit 
is as important to recognize the power of established sophisticated 
in vitro model systems that have been applied by the academac 
community for nonscreening purposes to better mimic the in vivo 
situation. Three-dimensional culture systems, either cefll line or tis- 
sue based, are known to reflect the in vivo behavior ctf many cell 
types and are promising approaches for advanced drug screening. 
The most common 3-D cell culture systems employed on basic amd 
applied tumor biology are described in Table 1 . 14-25 A naajor reason 
that these and other 3-D culture systems have not entaced the drag 
screening process to date is the lack of simple, conniolled tecfe- 
niques and protocols for rapid, standardized assay of tcellular re- 
sponses in situ. In addition, the emphasis in improvennents for itn 
vitro drug screening has been on increasing the throughput of sirm- 
ple culture systems (eg, 384-well plates, microfabricafaon of mim- 
iaturized culture chambers, single-cell analysis methoafls) with Ka- 
tie regard for whether the basic culture system beicng used 5s 
predictive of in vivo activity. However, as discussed im detail be- 
low, there are possibilities to adapt certain HTS methods originalRy 
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developed for monolayers to culture systems with higher 
complexity. This may well improve the in vivo predictability of the 
screening system while maintaining a high-throughput format 

RATIONALE FOR USING COMPLEX CELL 
SYSTEMS IN ANTITUMOR DRUG TESTING 

It is well known that many cells of normal and malignant origin 
lose some of their phenotypic properties when grown in vitro as 
monolayer or suspension cultures. Current attempts to obtain, and 
maintain, functional differentiation of human cells similar to that 
seen in vivo can be divided into 3 different approaches and combi- 
nations of these: (a) culturing of primary tissues or isolated early 
passage primary cells, (b) application of established cell lines on 
specially manufactured growth surfaces and/or in controlled heter- 
ologous monolayer systems, and (c) propagation of established 
cell lines in 3-D culture systems. 

The use of primary cells in vitro is preferable in several respects 
but is hampered by limited availability and high variability, as well 
as by ethical restrictions, at least with respect to human tissue. 
However, there are attempts to use such material in drug testing. 
Notable is the effort to establish patient-specific therapeutic test 
systems for specific tumor entities, such as the ex vivo ATP-based 
chemosensitivity assay (ATP-TCA), which is based on the 2-D 
culturing of tumor cells isolated from primary tissue biopsies.*" 9 
Also, in parallel to improvements in the tissue engineering field, 
diverse culture approaches have been developed that may allow re- 
producible maintenance of viability and differentiation in isolated 
primary tissue material of different origin in a 3-D format, such as 
the NASA bioreactor, 30 " 33 various perfusion-type or gradient con- 
tainer systems, 34 ^ 1 or the tumor fragment spheroid model. 42 " 44 
Some of th£ above-mentioned systems are still under refinement to 
better match specific properties of differentiated tissues 41 

Because the availability of primary material will always be the 
limiting step for HTS, there is increasing demand in the pharma- 
ceutical industry for advanced in vitro test systems based on estab- 
lished human cell lines. This requires restoration of morphological 
and functional features of the corresponding tissue in vivo. How- 
ever, the formation of tissue structures is highly inhibited in 
monolayer culture due to the strong affinity of cells to most artifi- 
cial substrates and the restriction to a 2-D space, severely limiting 
intercellular contacts and interaction. It is beyond the scope of this 
article to detail progress in engineering 2-D or pseudo-3-D micro- 
environments that mimic the in vivo situation, - 3 but the recent ad- 
vances in heterologous co-culture systems to reassemble some in 
vivo features of cells and tissues should be noted , A5J * Three- 
dimensional heterotypic collagen assays that were primarily ap- 
plied in the past few years to resemble breast epithelial 
morphogenesis and neoplasia are a promising approach that could 
also be useful for antitumor drug screening. 47 ' 49 In the anticancer 
drug development arena, multiple in vitro assays are commercially 
available to monitor particular steps in the angiogenic cascade and 
the effect of antiangiogenic compounds. Most of these assays uti- 


lize multiwell plates with surfaces coated with natural or artificial 
ECM components and established endothelial cell lines- A promis- 
ing new type of assay consisting of endothelial cells and fibroblasts 
in co-culture was recently shown to more closely resemble the in 
vivo capillary bed when compared to the commonly used Standard 
and Growth Factor Reduced Matrigel™ assays. 50 - 51 Tubule forma- 
tion by endothelial cells reflects to some extent a switch from a 2-D 
to a pseudo-3-D structure (The term pseudo-3-D is used because 
long-term co-culturing results in a multilayered structure, but the 
multilayering is restricted to areas showing formation of vessel- 
like structures and does not exceed 3-4 cell layers). This interesting 
co-culture assay has the disadvantage of requiring 10-14 days of 
culture. Also, the system has not been made amenable to high- 
throughput usage so far. However, this holds true for most complex 
culture systems, even for some that are well established and have 
been used by cell biologists for decades. 

Three-dimensional cultures have been utilized in biomedical 
research since the first half of the 20th century to gain deeper in- 
sight into the mechanisms of organogenesis and expression of ma- 
lignancy. Today, it is well known that in contrast to conventional 
monolayer or suspension cultures, 3-D cultures can restore spe- 
cific biochemical and morphological features similar to the corre- 
sponding tissue in vivo. The relevance of this observation for 
mechanistic studies and advanced drug testing has long been ig- 
nored by both academic researchers and the pharmaceutical indus- 
try. The National Cancer Institute program Signatures of the Can- 
cer Cell and Its Microenvironment is a new $40 million per year 
effort designed to investigate the impact of flie microecvironment 
on tumor cell behavior. This initiative will emphasize 3-D culture 
technologies and will clearly foster the acceptance erf such ap- 
proaches. Also, Alison Abbott's report "Biology's New Dimen- 
sion" 52 and the corresponding commentary of the editor, ■'Good- 
bye Flat Biology" were overdue and more than welcome by 
scientists working in the field. In this news feature, experts in cell 
biology emphasize the basic necessity for 3-D culture ^sterns be- 
fore turning to whole-animal studies, for thecapeutics development 
as well as basic research in tumor biology. Also in this article is a 
prediction by the chief scientific officer of a large pharmaceutical 
company, which has attracted major attention: "In 10 shears, any- 
one trying to use 2-D analyses to get relevana and novel biological 
information will find it difficult to get funded." With respect to the 
utilization of relevant biological information from 3-£> culture 
analyses for HTS approaches in drug discovery and development, 
there is a strong need for intercollaborations Ibetween tbe pharma- 
ceutical industry and academic institutions tooth to provide proof 
of predictive value and to rapidly reach practical feasibility of such 
3-D systems for sophisticated drug screening. Indeed, advances in 
tissue engineering, including the development ©f diverse 
bioreactor systems such as those mentioned above and otf 3-D scaf- 
folds (eg, bioactive, biodegradable, or nontflegradable polymers), 
have improved the variety, fidelity, and quantity of models that can 
be utilized in cancer research. However, only a small numiber of 3- 
D model systems are sufficiently well charactterized to simulate the 
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pathophysiological cellular microenvironment in a tumor, 
reconstitute a tissue-like cytoarchitecture with cell-to-cell and cell- 
to-matrix interactions, and present growth, differentiation, and 
therapy response similar to that seen in tumors in vivo. 

The classical and best described 3-D tumor model system, 
which fulfills all of the characteristics just described, was not men- 
tioned in the cited news feature: the multicellular tumor spheroid 
model (MCTS). This system was adapted for cancer research in 
the early 1970s by Sutherland and associates 53,54 and is in use in 
many laboratories throughout the world today. The spheroid cul- 
ture model has not only considerably contributed to our knowledge 
of cellular response to a variety of treatment modalities but also has 
been critical in more basic studies investigating the 
microenvironmental regulation of tumor cell physiology. 15 ' 16 ^ 5 " 58 In 
contrast to the other 3-D in vitro models described in Table 1, 
MCTS have considerable potential for application as HTS systems 
in anticancer drug development. This potential as well as the 
limitations of this unique 3-D culture system shall thus be 
highlighted. 

MULTICELLULAR TUMOR SPHEROIDS 

Over the past 30 years, the (pathophysiological behavior of di- 
verse tumor cell types of animal and human origin has been studied 
in MCTS culture in detail. Today, it is well accepted in the aca- 
demic community that MCTS provide ah important supplement to 
the use of monolayer cultures and aninial in vivo systems due to 
their intermediate complexity, 45 ' 56 as illustrated in Figure 2. Ac- 
cordingly, MCTS have served as a model for a variety of experi- 
mental therapy studies using radiotherapy, chemotherapy, 
radioimmunotherapy, cell- and antibody-based immunotherapy, 
hyperthermia, gene therapy, and photodynamic treatment. 55 " 71 
MCTS have also been used extensively in basic studies of the 
microenvironmental regulation of proliferation, viability, energy 
metabolism, nutrient metabolism, invasion, cell-cell interactions, 
and extracellular matrix composition. Based on their long-term ex- 
perience, experts in the field agree with Mueller-Klieser's final 
conclusion in a 2000 review article: "Keeping in mind the funda- 
mental differences between monolayers and spheroids with regard 
to cellular sensitivity to various treatment modalities, tumor spher- 
oids should be mandatory models in applied cancer research, for 
example in major programs for drug screening and de- 
velopment." 1 5 This article is just one out of a review series pub- 
lished in the November 2000 issue of Critical Reviews in Oncology/ 
Hematology, which was devoted to 3-D spheroid cultures and is 
recommended reading for both spheroid specialists and laymen. A 
general survey of previous research with the spheroid model, in- 
cluding technical descriptions of a variety of spheroid methods, is 
given in 2 rather dated but still very informative books. 72,73 More 
recent book chapters 46,74 and several review articles published 
within the past 5 years focusing on different applications of spher- 
oid i^- 57 ^ provide further information to define the rationale 
for developing MCTS technology for HTS of chemotherapeutic 
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flG.2. Schematic illustration of tfhe analogy between (a) tumor 
microregion and (b) multicellular tumor spheroid (MCTS) demonstrating 
the pathophysiological inside-out situation in MCTS (modified from 
Kunz-Schughart 1999). (c/d) Labeling of tumor cells in 5 urn sections of 
paraffin-embedded material using a monoclonal Pan-cytokeratin (Pan- 
CK) antibody (clone KL1, Beckman Coulter, Fullerton, California), 2- 
step routine immunohistochemical staining with DAB 
(3*3Miaminobenzidine) as chromogen, and hematoxylin counterstain: (c) 
microregion of a colon carcinoma (G3)» and (d) HT29 colon tumor spher- 
oid, (e) Parallel section of colon carcinoma shown in (c) stained with the 
endothelial cell marker CD31 (monoclonal mouse-anti human IgGl, 
DakoCytomation, Hamburg, Germany) to visualize capillaries primarily 
located in the stromal tumor areas, (/) Schematic illustration of the G3 co- 
lon carcinoma shown in (c/e) to visualize the distribution of different cell 
types in this tumor microregion with TC, tumor cells; F, fibroblasts/ 
fibroblastoid cells; EC, endothelial cells; IC, immune cells, for example, 
tumor-associated macrophages; ECM, extracellular matrix. Bar, 100 um. 


drug candidates. This rationale is based on the following 4 impor- 
tant features of MCTS. 

First, MCTS reestablish morphoflogical, functional, and mass 
transport features of the corresponding tissue in vivo. In particular, 
tumor cells in MCTS restore a differentiation pattern similar to that 
observed in vivo, which is maintained for several weeks of 
culture. 16 ' 55 - 56,77 " 79 These features are initiated and maintained by the 
tumor cell-derived extracellular matrix (ECM) assembly and a 
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complex 3-D network of cell-to-cell and cell-to-matrix interac- 
tions, which are largely absent from monolayer cultures. In addi- 
tion, the 3-D spheroid structure is relevant for both the modeling of 
distribution and function of (patho)physiologically ocanring fac- 
tors in tissues, as well as the penetration, binding, and bioactivity 
of drugs. 

Second, MCTS approximate many characteristics of avascular 
tumor nodules, micrometastases, or intervascular regions of large 
solid tumors with regard to both tumor growth kinetics and 
pathophysiological micromilieu (Figure 2). Analogous to solid tu- 
mors and metastases in vivo, spheroid growth can be mathemati- 
cally modeled by the Gompertz equation as well as by several 
more biologically based mathematical models that have been 
applied to tumors. 67 * 8 ** 5 A proliferation gradient is observed in spher- 
oids, with proliferating tumor cells at the periphery, cell-cycle- 
arrested cells at larger distances from the surface, and a necrotic 
core in most spheroids larger than 400-500 |im. In parallel, inward 
oxygen and nutrient gradients as well as outward catabolite gradi- 
ents are present, analogous (again) to the situation in poorly 
vascularized regions of solid tumors. These variations in cellular 
physiology and tumor micromilieu are associated with alterations 
in sensitivity to a wide variety of anticancer therapies in both tu- 
mors and spheroids. 

Third, the well-defined, spherically symmetric geometry of 
MCTS allows direct comparison of structure to function, that is, 
the microenvironmental gradients that determine spheroid mor- 
phology are spatially correlated with the changes in cellular physi- 
ology. This has several advantages for the use of spheroids as in vi- 
tro tumor models. A primary advantage is that assays of cellular 
physiology and drug response can be directly related to location in 
the microenvironment, either by a variety of in situ histologic as- 
says 16 * 86 ** 9 or on cell subpopulations isolated from different spher- 
oid regions. 16 - 90 ** A second advantage is that the spherical sym- 
metry enables relatively simple theoretical analyses, for example, 
to predict radiation response, 95,96 drug penetration, and binding/ 
activity 97 ^ or to interpret the regulation of cellular physiology, 
proliferation, and viability. 67,80 ^ 2,84,100 A third advantage of the 
spheroid geometry is that aggregates cultured from the same cell 
type under the same external conditions are essentially identical in 
structure, morphology, microenvironment, and cellular physiol- 
ogy. This allows the efficient generation of a few up to literally 
thousands of individual, identical cultures for assay. 

Finally, spheroids are amenable to the co-culture of different 
cell types, in particular, tumor cells and normal cells, such as 
stromal Gbroblasts, endothelial cells, or cells of the hematopoietic/ 
immune system. 16 * 45101 * 106 These co-cultures retain some, if not all, 
of the advantages mentioned above for homologous cultures, nota- 
bly the intimate and complex cell-cell and cell-matrix interactions 
that are present in tumors in vivo. Heterologous spheroid co- 
cultures have not been as extensively utilized, or even character- 
ized, as those of pure tumor cell spheroids. However, improve- 
ments in techniques and development of more rapid assay systems 
promise to expand the spheroid co-culture into a very unique and 


multifunctional in vitro drug-testing system, as discussed in more 
detail below. 

Due to these characteristics, MCTS have become a powerful 
tool to study therapeutic problems associated with metabolic and 
proliferative gradients, for example, the treatment sensitivity of tu- 
mor cells chronically deprived of nutrients. Thus, MCTS serve as a 
well-controlled, 3-D experimental, and theoretical model to better 
estimate in vivo antitumor effective dose ranges and treatment mo- 
dalities. MCTS come into particular focus with the expectation 
that some lead candidates designed via modem drug discovery 
processes to precisely taiget tumor cells not only should attack the 
primary tumor and local irelapse but also be effective against meta- 
static disease. As a model of avascular micrometastases (eg, diam- 
eter < 1 mm), spheroids can uniquely contribute to the understand 
ing of, and screening foe, drug penetration and the local pattern of 
cellular uptake and effectiveness. 

EXTENSIONS TO THE 
USE OF THE MCTS MODEL 

The reflection of additional aspects of the in vivo situation may 
be desired not only for cancer research but also for drug screening 
purposes. Thus, application of different merapy-respoiasive tumor 
cells in mixed or mosaic spheroids 61,61,107 " 111 or tumor and stromal 
host cells in spheroid co-aulture lM5 * 101106 is a promising approach to 
further mimic the heterologous cellular environment in a solid tumor 
or at sites of metastasis. Indeed, in addition to the application of 
mixed cell populations am nonadherent surfaces, there is a wide 
range of strategies to co-culture different normal and tumor cell 
types using spheroids, each with particular advantages and disad- 
vantages, and for specific fields of application. MCTS can, for ex 
ample, be grown on monoflayer cultures of fibroblasts and endothe- 
lial cells to investigate specific host-tumor cell interactions. 
Culturing MCTS on confluent endothelial cells with an underlying 
ECM is adequate to investigate aspects of tumor cell evasion and to 
evaluate endothelial cell injury by tumor cells. Confrontation cul- 
tures of MCTS with endotiielial cell aggregates in a collagen gel or 
with embryonic stem cells <embryoid bodies) have been established 
to study endothelial cell differentiation and sprouting phenomena in 
vitro. 102,112 " 114 The application of fibroblast spheroids allows inves- 
tigation of some tumor cefl invasion/migration phenomena by add- 
ing tumor cell suspensions, and also enables one to study those tu- 
mor cells that do not form MCTS by themselves. Incubation of 
tumor or stromal spheroid cultures of defined sizes with immune 
cell suspensions is an interesting approach to mimic local immune 
responses, including migration and differentiation/activation pro- 
cesses. 42,101 * 103,105,115116 The latter spheroid co-culture systems have 
been primarily used to gain deeper insight into the reciprocal inter- 
actions between tumor cells and their cellular environment, rather 
than for drug testing. However, it is expected that adjacent host 
cells can affect tumor cell drug sensitivity, and therefore spheroid 
co-culture systems could be utilized both for advanced in vitro 
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drug testing and to screen agents that affect the host-tumor 
interaction. 

Although the attempt to routinely initiate spheroid growth di- 
rectly from patient tumors for patient-specific predictive drug test- 
ing has had relatively little success, MCTS still serve as an excel- 
lent in vitro screening system in mechanistic studies of drug 
penetration, binding, and action (ie, with respect to new, innovative 
therapeutic strategies such as combination therapy, administration 
of drugs under defined environmental conditions, or treatment 
with toxin-conjugated antibodies). Bearing in mind, for example, 
that the heterogeneity in the binding of monoclonal antibodies 
depends on both cell and antibody type, as well as on cell cycle 
and metabolic status of the cells, 88,98117 " 120 spheroid mono- and co- 
cultures should be considered as a screening tool for local penetra- 
tion, distribution, and efficacy of new drug candidates. 

A final area of potential for MCTS in drug testing involves the 
additional culture of spheroids from normal, untransformed cells. 
The current literature indicates that normal cell spheroids can, with 
limitations, be applied to study some developmental and func- 
tional aspects of normal cells and tissues such as hepatocytes/ 
liver, 121 " 125 chondrocytes/cartilage, 12M28 retinal cells forming so- 
called retinospheroids, 129 ' 132 trabecular cells showing a network tis- 
sue structure in spheroid culture, 133 and pancreatic epithelial cells 
producing hollow spheres. 134135 The patterns of morphological, bi- 
ological, and functional development seen in these cultures are, in 
many respects, consistent with the differentiation seen in vivo. To 
date* nonhumari cell types are most frequently applied in normal 
spherbid culture systems; adaptation to cells of human origin 
would be preferable but will in most cases be limited due to avail- 
ability and ethical restrictions. However, provided the limitations 
of the spheroid model for normal cells are recognized and re- 
spected (eg, pure normal tissue-type spheroids should not show 
necrosis), normal cell spheroids represent a potentially powerful 
tool for application in initial toxicity assays or in confrontation/ 
mixed cultures of tumor and normal cell types 16,45 for the 
evaluation of drug selectivity and specificity. 

DEVELOPMENT OF SPHEROIDS FOR HTS 

Application of 3-D culture systems for drug screening, includ- 
ing homotypic MCTS, is hampered by lack of standardized, rapid 
analytical tools. The only systematic study using various methods 
for assaying cytotoxic effects in spheroids is now somewhat dated 
and involved only small spheroids without central necrosis, 136 * 137 
thus limiting its relevance for evaluating drug effects on hypoxic 
and cell-cycle arrested tumor cell populations in nonperipheral, vi- 
able regions present in most spheroid types with a diameter of > 
500 urn (see Figure 2). Fortunately, one of the most widely used 
spheroid production techniques involves culture of a single spher- 
oid in each well of an agar-coated multiwell plate. 16,46,72 Thus, there 
are several screening techniques currently applied to monolayer 
cultures in a multiwell plate format that should be easily adapted to 
spheroids, such as various assays for cytotoxicity, proliferation, 


drug binding, apoptosis, and ATP level. Simple measurement of 
the growth or shrinkage of spheroids can be accomplished by stan- 
dard phase-contrast microscopy and computer image analysis, 
. something that is very difficult to do accurately with monolayer or 
multilayer cell cultures. Commercial automated micrcscopy sys- 
tems could be easily configured to provide a rapid method for 
screening drugs for effects on spheroid growth. A recent approach 
for toxicological and biomedical testing with some potential for 
adaptation to HTS with spheroid cultures is a so-called biohybrid 
sensor system, which is a new type of bioelectrical imcroarray for 
3-D in vitro tissues on the basis of electrode/spheroid surface im- 
pedance measurements. 138 " 140 Although these HTS methods would 
be useful as an initial screen for drug activity in spheroids, the re- 
sponse would be an average from all the cells in the aggregate. 
Even though such a screening system would still incorporate the 
advantages of the 3-D in vitro model discussed above, any 
information on differential response of cells al different locations 
in the spheroid would be lost. 

There are other possibilities to develop new screening methods 
that would take better advantage of the symmetrical moq>hology, 
micix)environrnent, and cellular physiology present in spheroids, 
as discussed above. As an example, work is under way in our labo- 
ratories to develop confocal microscopy methods for rapidly mea- 
suring drug penetration into individual spheroids, which could po- 
tentially be automated into a high-throughput approach. Here, the 
advantage of the MTCS culture system is the fact that candi- 
dates must penetrate a tumor-like tissue to be effective. The effec- 
tiveness of 3-D model systems for studying drug penetration ef- 
fects has been established both in MCTS and in cell 
multilayers. 18,5 ** 7 ' 141 " 150 Cell multilayers are not easily adapted to an 
HTS approach; however, the use of spheroids opens a : whole 
new area of in vitro screening for the penetration and binding of 
drugs in a 3-D tissue-like structure. Analogous to the case with cel- 
lular assays, simple assays of total drug binding in individual tu- 
mor and host stromal spheroids in a multiwell format represent an 
easy system for screening drugs with different binding properties. 
Following drug uptake as a function of time in individual spheroids 
would allow kinetic analysis and perhaps even the extraction of ef- 
fective diffusion coefficients, as has been demonstrated for bulk 
cultures of spheroids. 151 " 153 In addition, it should be possible to de- 
velop simple staining methods for measuring the extent of necrosis 
in intact, individual spheroids, which would then provide an assay 
for drug effects on the viability of the inner-region spheroid cells. 
There are certainly other staining techniques available that could 
be applied to an imaging-based screening system for MCTS, such 
as measuring apoptosis, proliferation, and various metabolism 
markers. Development of HTS techniques that measure the re- 
sponse of specific subpopulations in spheroids (eg, hypoxic cells, 
nonproliferating cells) would considerably enhance the usefulness 
of MCTS as a drug-screening tool, particularly in light of efforts 
under way to design drugs targeted against specific microenviron- 
mental adaptations. 
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Another area that holds promise for HTS using spheroids is the 
use of microfabrication and other miniaturization techniques for 
cell cultures. Because most of these techniques are directed toward 
very.small numbers of cells, or even single cells, they should be rel- 
atively easy to adapt to larger sized spheroid aggregates. One could 
envision a microfluidic device that contained large numbers of in- 
dividual spheroids in separate culture chambers equipped with 
perfusive nutrient supply. Such a device could be combined with a 
computer-controlled imaging system to measure spheroid growth 
or drug penetration as discussed above. One could also potentially 
use t|ie microfluidic system to introduce test compounds and mea- 
sure the kinetics of spheroid response. 139,140 

One limitation to the use of spheroids for HTS is the fact that it 
takes, a relatively longer time for the aggregates to grow as com- 
parea\fo monolayer cultures, especially if one wants to use spher- 
oids of sufficient size to contain gradients in proliferation and a 
central necrotic core. The length of time for a typical tumor spher- 
oid to grow from a few-cell aggregate to a large structure with 
proliferative and viability gradients ranges from 2 to 4 weeks. One 
could ^jump-start" this process by forcing the aggregation of large 
numbers of cells into a single spheroid in a culture well, but it 
would ' still take a few days, at a minimum, for the microenvi- 
ronmehtal and pathophysiological gradients to develop. However, 
for most HTS applications, only the time required to set up the as- 
says is extended: the actual screening of drugs could be done as 
rapidly as with traditional monolayers once the MCTS are estab- 
hshed;'Considered in the overall context of an HTS method, the ad- 
vantages of using MCTS for anticancer drug screening would 
appear to outweigh this time limitation. 

As discussed above, the use of spheroid co-cultures of tumor 
and iiormal cells is a potentially very powerful system for ad- 
vanceddrug screening. Currently lacking to make this cb-culture 
system most useful are techniques for obtaining a large population 
of uniformly sized spheroids with a reproducible cellular composi- 
tion. One approach to improve the analysis of co-cultured spher- 
oids Would be the application of cell types expressing fluorescent 
markers, such as GFP or GFP analogues. One could then create 
large numbers of spheroid co-cultures and sort them according to 
size and fluorescence intensity using a modified flow sorter, 154 
thereby obtaining a population with a uniform composition and 
size, \foth some developmental work in this area, it should be pos- 
sible to generate a set of standard tumonnormal co-cultured spher- 
oids that are well characterized and reproducible to serve as an 
HTS platform that incorporates tumor-normal ceil interactions. 
Confocal fluorescence microscopy is an additional or alternative 
technical tool that could be improved to be applied for the analysis 
of such co-cultures. 155 " 157 

A final limitation to spheroids that should be mentioned is that 
the MCTS in vitro model will never be developed to the point that it 
will entirely replace the use of animals in the drug-testing process. 
Although the use of tumor/normal, or even purely normal cell 
spheroid co-cultures, is an exciting and powerful extension that 
will allow for a better evaluation of local bioactivity and penetra- 


tion erf new drug candidates, this model obviously lacks the com- 
plexity required for standard absorption, distribution, metabolism, 
elimination, toxicity (ADMET) screening. Considering the rap- 
idly continuing improvements in reproducibility, throughput, and 
sophistication of other 3-D culture systems for nontumorous cells, 
for example, in tissue engineering, an increasing number of valu- 
able complex culture models may be available in the near future for 
basic compound safety testing. However, as depicted in Figure 1, 
utilization of 3-D culture assays for routine toxicity testing of can- 
didate therapeutics is speculative, and also pharmacokinetics still 
requires animal models, as there is currently no way to extrapolate 
these parameters from in vitro systems. 

AlUhough it is clear that some technology development work is 
required to bring the MCTS system into the are na of HTS, the sig- 
nificant advantages of this in vitro tumor model argue persuasively 
in favor of such an approach. Methods for simply screening, for 
example, cytotoxicity or growth arrest, could be quickly developed 
into hagh-throughput methods with spheroids Techniques that 
would allow the rapid screening for effectiveness in tumor spher- 
oids would be largely applicable to testing in mixed-cell spheroids 
and spheroids composed only of normal cells. Other limitations to 
HTS dfiscussed above may preclude rapid assays for some end- 
points* but it is important to recognize that these "limitations" 
could actually be advantages for more advanced screening tech- 
niques. For example, candidates identified by a rapid screen to be 
effective in killing or growth-arresting MCTS could be further 
screened for drug penetration, host-tumor interactions, and effects 
on nutrient-stressed subpopulations using the ssune basic in vitro 
model from which they were initially selected. 

CONCLUSION 


The fact that no preclinical study can yet replace phase II clini - 
cal trials is not disputed. However, not scientific reasoning but reg - 
ulatory and legal requirements, and strong clinical tradition, re- 
main ttoe most important incentives for rodent raodel studies. The 
main reason and justification for routinely maintaining a large 
number of animal model systems for drug screening is that the pre- 
dictive power for clinical efficacy is statistically poor for any single 
in vivo tumor model. Because the cost of drug development in- 
creasesdrastically at the stage of rodent tumor models, the guiding 
principle in the cancer drug industry lias been to identify poor can- 
didates earlier rather than later. It has therefore been proposed that 
increased reliance on cell-based validation early in the drug devel- 
opment process will prove economically advantageous. In the 
pathway from a simple solution-binding assay to in vivo testing, 
cell-based screening has proven to be a valuable stepping stone to 
quickly weed out toxic and nonfunctional compounds. The low 
cost and high speed of screening compounds in cell culture, and 
the obvnous advantage of using intact cells as the most expedient 
represemtation of the living patient, have made cell-based screen- 
ing a key component of drug discovery programs. 158 This article 
has reviewed the unique features of tumor spheroids as an in vitro 
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model system, and has also highlighted the options of heter- 
ologous tumor/stromal cell co-cultures to mimic aspects of in vivo 
tumor heterogeneity. The application of heterologous spheroid co- 
cultures in cancer research allows cellular analysis in a controlled 
and reproducible format. Although the complexity and limitations 
of these 3-D co-culture systems have to be recognized, MCTS 
methodology provides an important supplement to the use of ani- 
mal in vivo systems, in particular, for research with human cells. 
Further technical developments should allow the future 
application of spheroids, with all of their in vivo characteristics, in 
HTS for anticancer drugs as well as potentially for other drug 
discovery and development efforts. 
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Abstract 

Development of new anti-cancer drugs is a costly and risky proposition. The Developmental Therapeutics Program (DTP) of the 
National Cancer Institutes of the United States (U.S.) facilitates the drug development process by providing access to preclinical 
screening services. Since the early 1990's, DTP has screened tens of thousands of compounds against a panel of 60 human tumour 
cell lines representing nine tissue sites. At the same time, DTP began to accumulate information on the expression of molecular 
entities in the same 60 cell line panel. Many of these data are freely available to the public at http://dtp.nci.nih.gov. More recently, 
additional, more focused screens have entered the picture, with data also available through the web site. These include screening of 
roughly 100000 compounds against a panel of yeast mutants, and screening of the NCI Diversity Set in assays designed to detect 
effects on Molecular Targets of interest. 
Published by Elsevier Ltd. 

Keywords: Neoplasms; Antineoplastic agents; Computational biology; Molecular biology; Proteomics; Genomics; Pharmacogenetics; Human 
Genome Project; Genetic Research; (Therapies, Investigational); Saccharomyces cerevisiae 


1. Introduction 

The development of anti-cancer drugs is an expensive 
and time-consuming process. The Developmental Ther- 
apeutics Program (DTP) of the United States (U.S.) 
National Cancer Institute (NCI) reduces the risks in this 
process by providing in vitro and in vivo screening ser- 
vices, as well as access to pharmacological and for- 
mulation resources. Just as valuable is the publicly 
available information on the data derived from these 
screens. This review will focus on the data and infor- 
mation analysis tools that DTP provides for the in vitro 
screens. Other articles in this issue will focus on in vivo 
testing and late preclinical resources provided by DTP. 

Compound screening at DTP has focused on the 
response of a panel of 60 human tumour cell lines, with 
data on tens of thousands of compounds. An ongoing 
programme characterises expression of molecular tar- 
gets within this panel. Nearly 100000 compounds were 
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analysed in a collaboration with the Fred Hutchinson 
Cancer Research Center for their ability to inhibit the 
growth of a panel of yeast strains with alterations in 
cancer-relevant genes. Screening campaigns were con- 
ducted for compounds affecting several molecular tar- 
gets of interest. All of these data are freely available 
through a web site maintained by the NCI-DTP at 
http://dtp.nci.nih.gov/. 

2. Compounds submitted to NCI-DTP 

The acquisition of compounds for screening by the 
NCI began in 1955, and continues to this day, with over 
500 000 compounds currently registered. This collection 
contains compounds from a large number of suppliers, 
including scientists in academia or government labora- 
tories, as well as small biotechnology companies and 
large pharmaceutical companies. Researchers from over 
100 countries have submitted compounds to the NCI 
screening programmes. Roughly half of the compounds 
were submitted under NCI's discreet screening agree- 
ment, which precludes NCI from disseminating data on 
these compounds. For the remainder, the data is publicly 
available through the DTP web site (http://dtp.nci. 
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Basic Chemical Data 


NSC 123127 


CAS 25316-403 



Molecular Formula: Molecular Weight: 

C27H29N011.CIH 580 


Chemical Names 

♦ ADR 

• FI1Q6 

♦ DOXHCI 

• FI6804 

* Adriacin 

♦ Adribtastin 

• Doxorubicin 

• Adriblastina 

• ADM hydrochloride 

♦ Adriamycin hydrochloride 


Fig. 1. The results of a search at http://dtp.nci.nih.gov/docs/dtp_search.html for chemical information on doxorubicin (Adriamycin). The web page 
displays a two-dimensional structure, NSC number, CAS number, Molecular Formula, Molecular Weight, and chemical names by which a com- 
pound is known. 


nih.gov/), including compound structures, data from the 
NCI 60 human tumour cell line screen, the NCI acquired 
immunodeficiency syndrome (AIDS) screen and the 
NCI Yeast Anticancer Drug Screen. Those interested in 
submitting compounds for testing may do so using 
DTP's on-line submission form (http://dtp.nci.nih.gov/ 
docs/misc/common_files/submit_compounds.html). 

While the DTP compound collection contains many 
compounds with an identified mechanism of action, for 
the vast majority the target remains to be identified. 
Many were designed as chemically interesting struc- 
tures, or are purified natural products. Some com- 
pounds were designed to interact with particular cellular 
targets. Many others are structural analogues of com- 
pounds with a known mechanism. The resulting collec- 
tion is diverse, with a broad range of chemotypes and 
biological activities represented. Several plated sets have 
been developed to allow researchers to exploit this 
diversity in novel drug screens. The Diversity Set is a 
group of 1990 compounds selected to represent a broad 
range of chemotypes. The utility of this set is demon- 
strated by the success of several novel targeted screens 
[4,35,8,23]. The Mechanistic Diversity Set is comprised 
of 879 compounds chosen based on diversity of activity 
in the 60 cell line screen. Recently, a plated set of 235 
purified natural products was developed. A large plated 
set contains 140000 compounds. Before investing sig- 
nificant resources in lead development, researchers may 
wish to verify the structure, as DTP does not routinely 
perform chemical analyses on compounds, and some 
samples may degrade during storage. 

The DTP web site provides basic chemical data on 
over 250000 compounds. This includes (if available) 
two-dimensional and three-dimensional structures, CAS 
number, molecular formula, molecular weight and che- 
mical names. Researchers may search for compound 
data using the NSC number (the NCI's identification 
number for a compound), by CAS number, by chemical 


name or by chemical structure at http://dtp.nci.nih.gov/ 
docs/dtp_search.html. Fig. 1 displays the results of a 
search for doxorubicin (Adriamycin) (NSC 123127). 


3. NCI 60 Human tumour cell line panel 

In 1989, the NCI-DTP initiated an in vitro screen for 
potential anti-cancer drugs utilising a panel of 60 



GI 5 o(A) TGI 50 (A) LCsofA) 
Gl 50 (B) 

Fig. 2. Three endpoints (negative log 10 of the concentration inhibiting 
the growth of 50% of the cells (GI 50 ), total growth inhibition (TGI) 
and negative logi 0 concentration need to kill 50% of the cells (LC 5 o) 
are calculated from 5-log dose response curves for compounds tested 
in the National Cancer Institute (NCI) 60 human tumour cell line 
screen. In this example, cell line A is much more sensitive than cell line 
B, with a GI 50 value roughly 10-fold lower. Cell line B never reaches 
the TGI and LC 50 endpoints in this concentration range. For the 
purposes of COMPARE, these endpoints are assigned the maximum 
concentration tested. 
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human tumour cell lines derived from various tissue 
types [27]. Compounds are tested over a 5-log concen- 
tration range against each of the 60 cell lines for their 
ability to inhibit the growth of, or to kill, the cells in a 2- 
day assay. Fig. 2 displays a simplified dose-response 
curve showing the response of two cell lines to doxor- 
ibicin. To facilitate analysis of the data, three endpoints 
are calculated for each cell line. The GI 50 value is the 
negative log 10 of the concentration required to inhibit 
the growth of that cell line by 50% (relative to untreated 
cells). TGI is the negative logio minimum concentration 
that causes total growth inhibition, and LC50 reflects the 
negative log 10 concentration needed to kill 50% of the 
cells. Paull and colleagues [34] developed the Mean 
Graph as a way of easily visualising the results from all 
60 cell lines at once. A sample is shown in Fig. 3. To 
generate these graphs, the mean of each of the end- 
points across all 60 cell lines is calculated. For each cell 
line, the difference between the GI 50 for that cell line 
and the mean GI 50 across all cell lines is calculated. 
When these differences are graphed, it becomes appar- 
ent at a glance which cell lines are more sensitive (those 
with bars deflecting to the right of the mean), and which 
cell lines are less sensitive (bars deflecting to the left). 
This screening service is available free of charge. To 


date, roughly 85 000 compounds have been screened. 60 
cell, line data for 43 000 compounds are currently avail- 
able to the public through the DTP web site. 


4. COMPARE 

Compounds with similar mechanisms of actions tend 
to have similar patterns of growth inhibition in the 60 
cell line screen, i.e. the same set of cell lines will tend to 
be more sensitive to both compounds, with a different 
subset being less sensitive to both. This can be visualised 
as compounds having similar Mean Graphs. To capita- 
lise on this, Paull and colleagues [34] developed the 
COMPARE algorithm, which can be thought of as 
quantitating the similarity of Mean Graphs from differ- 
ent compounds. This algorithm takes the pattern for a 
"seed" compound and calculates Pearson correlation 
coefficients (PCCs) for it against each of the thousands 
of other compounds in the database, then returns a list 
of the highest correlations. Thus, one can start with a 
compound of unknown mechanism and determine whe- 
ther it behaves similarly to compounds of defined 
mechanism that have been through the screen pre- 
viously. This approach has been utilised to identify 


GI50 


TGI 


LC50 




■11 a a 


Fig. 3. A mean graph for doxorubicin is shown. The midline of each portion of the graph represents the mean for that endpoint, calculated across 
all 60 cell lines. This mean value is then subtracted from the value for each individual cell line and plotted. Cell lines more sensitive to doxorubicin 
are visualised as bars deflecting to the right, while more resistant cell lines have bars extending to the left of the mean. 
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novel tubulin-interacting compounds, topoisomerase 
poisons, vacuolar-type (H + )-adenosine triphosphatase 
(ATPase), and dihydroorotate dehydrogenase inhibitors 
[6,54,10,25,40]. Results may be unexpected, as with a 
series of Lavendustin A analogues submitted to the 
screen as having kinase inhibition activity, but were 
suggested by COMPARE to be possible tubulin inhibi- 
tors, a result that was experimentally verified [29]. 
Alternatively, one may wish to identify new chemotypes 
with a mechanism similar to that of a pharmaceutically 
intractable compound, in the hopes of identifying 
agents that might lack the undesirable features. In this 
case, one uses the compound of known mechanism as a 
seed, and COMPARE will return a list of compounds 
with the best correlations — these become candidates for 
testing to determine whether they do indeed share a 
common mechanism with the seed. Such an approach 
was used to identify a novel class of cyclin-dependent 
kinase (CDK) inhibitors, the paullones, starting with 
flavopiridol as a seed [57]. 

COMPARE can be accessed through the DTP 
web site. Currently, the old COMPARE interface is 
still operational, although no longer supported. The 
new COMPARE interface may be found at http:// 
itbwork.nci.nih.gov/PublicServer/servlet/CompareServer, 
and allows users to utilise either compound or Mole- 
cular Target data (described in detail in the next section) 
as a seed for running COMPARE against either com- 
pound or Molecular Target databases. In addition, 
users can create their own seed data. Since all 60 cell line 
screening data, even on compounds not covered by a 
confidentiality agreement, is kept confidential for 2 
years, the ability to create one's own seed data allows 
suppliers access to COMPARE for recently screened 
compounds. In addition, as data for compounds that 
are covered by a confidentiality agreement is not avail- 
able through the public web site, this allows suppliers to 
create a seed to access COMPARE for their own con- 
fidential compounds. One might also create a seed to 
create composite patterns, such as co-expression of 
several molecular targets. 


5. Molecular Targets in the 60 cell line panel 

The sensitivity of a cell line to a compound is neces- 
sarily determined by the cellular environment — which 
genes are being expressed, which signalling pathways 
are turned on or off, whether various repair pathways 
are operational, etc. For some compounds, ,a single 
component may be a major determinant of sensitivity, 
while for others many components contribute to the 
response. In order to address this, DTP has an ongoing 
programme to characterise "Molecular Targets" within 
the 60 cell line panel. Molecular Targets in this context 
are used to denote measurable entities in the cell lines. 


The inclusion of a particular Target is driven by interest 
from the cancer research community, with most of the 
data provided by researchers outside of DTP. 
Researchers apply to measure a target (or targets) of 
interest. If approved, DTP provides them with 60 cell 
line materials at no cost, with the proviso that data may 
be posted on the DTP web site once the researcher has 
had an opportunity to publish the results. Interested 
parties can find more information on this programme at 
http://dtp.nci.nih.gov/mtargets/mt_index.html. 

Data currently available include mutation status of 
genes important in cancer (including p53 and the Ras 
genes), as well as quantitation of proteins within the 
cells (e.g. cyclins and CDKs), RNA levels (e.g. for many 
tyrosine kinases and phosphatases), and enzyme activity 
(e.g. DT-diaphorase and multidrug resistant (MDR) 
activities). Table 1 summarises the Molecular Targets 
for which data are currently available to the public. 
Microarray data, measuring the baseline expression of 
thousands of genes, is also available from two separate 
experiments. The first utilised a cDNA array to analyse 
baseline expression of 9706 entities in each of the 60 cell 
lines, relative to expression in a pool of 12 of these cell 
lines [36,38]. A second microarray experiment per- 
formed at Millennium Pharmaceuticals analysed base- 
line expression of 5365 features in each of the 60 cell 
lines utilising oligonucleotide arrays. 

The COMPARE algorithm, in additional to identify- 
ing compounds with similar growth inhibitory patterns, 
can be used with Molecular Target data. Target data 
can be visualised in a Mean Graph, just as for a com- 
pound. COMPARE can be used to identify positive 
correlations, where cell lines with higher levels of a 
Target tend to be more sensitive to a compound. While 
negative correlations are not generally used when com- 
paring compounds with other compounds, it can make 
sense in comparing compounds to Targets. This would 
identify cases where cell lines with lower levels of the 
Target tend to be more sensitive to the compound, or, 
stated differently, where cell lines with higher levels of 
the Target tend to be resistant to the compound. 
COMPARE can also" be used to identify Targets that 
are co-expressed (positively correlated) with other Tar- 
gets, as well as those that tend not to be expressed 
simultaneously (negative correlations). 

The value of using COMPARE to identify compound 
mechanisms has been validated by several success stor- 
ies. Kubo and colleagues [22] analysed pi 6 status in the 
60 cell lines and tested compounds that COMPARE 
determined to have the highest correlations. They 
demonstrated that one of those compounds had activity 
against CDK4, an enzyme that is regulated by pi 6. 
Wosikowski and colleagues [52] measured RNA levels 
for several genes in the epidermal growth factor recep- 
tor (EGFR) and ErbB2 pathways. By screening a small 
number of compounds suggested by COMPARE, they 
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identified 14 compounds with demonstrable activity 
against these pathways. Sensitivity of cells to an inhi- 
bitor of brain glycogen phosphorylase correlates with 
expression of this target [39]. Cluster analysis with 
homoharringtonine against the microarray database 


suggested a correlation with EGFR expression, which 
was verified experimentally [13]. 

In most cases, the correlations between compound 
and target data is more modest than between two com- 
pounds. This may be because few Molecular Targets are 


Table 1 

Molecular targets measured in the NCI 60 cell line panel 


88 KINASES, INCLUDING 

ABL 

AXL 

CSF1R 

CSK 

EGFR 

EphAl-8 

EphBl-5 

ErbB2-4 

FGFR1-4 

FGR 

FLT1 

FLT4 

FYN 

IGF1R 

INSR 

JAK1-2 

KDR 

KIT 

LCK 

LYN 

MET 

PDGFRa 

PDGFRb 

RET 

SRC 

TRKA-C 

YES 

ZAP70 

35 PHOSPHATASES, INCLUDING 

BAS 

BDP1 

CD45 

DEP-1 

ESP 

GLEPP1 

IA2 

IAR 

MEG 

Meg2 

PCP-2 

PEST 

PTP 

PTP-1B 

SAP 

SHP1 

SHP2 

STEP 

TC-PTP 

ZPEP 


CELL CYCLE CONTROL 

Cdc2 

Cdc25A, Cdc25B, Cdc25C 
cdc7 

Cdks 2, 4, 5, 6 
Chkl 

Cyclins A, 6,01,02, D3, E 

MDM2 

pl6 

P 19 

p53 

Rb 

Waf-1 


APOPTOSIS 

AIF 

Bad 

Bagl 

Bax 

Bcl2 

Bcl-xl 

Bid 

c-IAP 

FAP-1 

Survivin 

x-IAP 

DNA REPAIR 

ERCCs 1, 2, 3 

Gadd45 

MGMT 

Mlhl 

Msh2 

PCNA 

Topo II alpha & beta 
XPA 

TRANSPORT 

ABC2 

ABCAs 5, 6,12, 13 

ABCG5 

ABCG8 

LRP 

MDR activity 
MDR1 
MRP 
RFC1 


REDOX 

ALDH1 & ALDH3 
aldose reductase 
Cytochrome b5 reductase 
Cytochrome P450 activity 
Cytochrome P450 reductase 
Dihydrodiol dehydrogenase 
DT-diaphorase 
GGCS 
GGT 

Glutathione 

GSTs Al, Mia, Mlb, M2, M3,-mu,-pi 
HSI reductase 
Thioredoxin 
Thioredoxin reductase 

SIGNAL TRANSDUCTION 

FGF2 

K-Ras, K-Ras, N-Ras 
TGF-alpha 


OTHERS 

Actins beta & gamma 
BCRP 

Carcinoembryonic antigen 

c-myc 

Desmin 

Dihydropyrimidine dehydrogenase 
FlATPase 

Glycogen phosphorylase 

HSC70 

HSP60 

HSP90 

Laminin B 

nm23 

Protein disulphide isomerase 

Thymidine Kinase 

Thymidylate Synthase 

TRAG-3 

Tubulin beta 

Vimentin 


PCNA, proliferating cell nuclear antigen; MDR1, multidrug resistance protein 1, TGF-alpha, transforming growth factor-alpha. This table sum- 
marises the results of Molecular Target measured in the NCI 60 human tumor cell line panel, not including data from microarray experiments. 
Targets are grouped according to function. Much of the data for kinase [7,9,52], cell cycle [3,22,32], apoptosis [3,19,21,26,43-45], DNA repair 
[3,31,46,55], transport [1,2,18,24,28,37,48,53], redox [12,41,47,51,56], signal transduction [9,20] and other targets [11,15,17,31,39,42] have been 
published. For all Targets, experimental details may be found by searching http://dtp.nci.nih.gov/mtargets/mt_index.html. 
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the single major influence on sensitivity. An exception 
to this is seen for Targets that influence the amount of 
active compound within the cell. For example, com- 
pounds that are substrates for the P-glycoprotein (Pgp) 
efflux pump show very strong negative correlations with 
Pgp activity, i.e. cells with high levels of Pgp activity are 
resistant to these drugs [1,2,53]. Thus, cellular compo- 
nents that influence the uptake or efflux of compounds 
may be found by a COMPARE analysis. A second 
category of Targets with a major influence on the 
amount of active compound within a cell are enzymes 
that can alter a compound, either activating a pro-drug, 
or destroying an active compound. An example of this 
is the positive correlations found between activity of the 
quinone-metabolising enzyme DT-diaphorase [14] and 
the sensitivity of the 60 cell line panel to E09 and rela- 
ted compounds that are activated by this enzyme. 

For cases where multiple cellular components influ- 
ence drug sensitivity, COMPARE can still be of use. 
COMPARE with Diethyldithiocarbamate (NSC 4857), 
a reported inhibitor of nuclear factor (NF)-kappa B 
[30], as a seed yields modest correlations (0.35 to 0.51) 
with multiple genes involved in interleukin- 1 (IL-1) sig- 
nalling, including the IL-1 receptor and phospholipase 
C Activation of the IL-1 pathway leads to the nuclear 
translocation of NF-kappa B. 

Occasionally, the actual Molecular Target of a com- 
pound will be found by COMPARE. Sensitivity to an 
ErbB2 immunotoxin is dependent on expression of the 
gene, and yields a fairly high PCC of 0.54. Pasquale and 
colleagues [33] recently determined the ability of the 60 
cell line panel to be infected by adeno-associated virus 5 
(AAV5), and used those data as a seed to run COM- 
PARE against the microarray dataset. One of the genes 
whose expression correlated with infectivity was the plate- 
let-derived growth factor alpha, which they demonstrated 
to be the cellular receptor for the AAV5 virus. 


6. NCI yeast anticancer drug screen 

In the mid-1990's, a novel anti-cancer drug screen was 
initiated by Leland Hartwell and Stephen Friend at the 
Fred Hutchinson Cancer Research Center in Seattle, 
utilising a panel of Saccharomyces cerevisiae strains 
altered in DNA damage repair or cell cycle control 
ge^ies. This project was begun as an NCI field station, 
and later converted into a contract managed by NCI- 
DTP. A more detailed review of this screen will be 
published elsewhere in Ref. [16]. Nearly 100000 com- 
pounds were subjected to the initial stage (Stage 0) of 
this screen, against six strains at a single dose. Com- 
pounds meeting activity criteria were selected for further 
testing at two doses (Stage 1). The most promising 
compounds were selected for testing at five doses 
against 13 yeast strains (Stage 2). The data from all 


stages of the yeast screen are available at http:// 
dtp.nci.nih.gov/yacds/index.html. One can search for 
data by NSC number, or browse Stage 0 and Stage 1 
data by patterns of activity. Stage 2 data can be sear- 
ched by NSC number, or one may browse through 
summaries of compounds with selective activity against 
a particular yeast strain. For example, compounds 
highly selective for strains with mutations in rad50 and 
rad52, genes needed for repair of double-stranded DNA 
breaks, include known topoisomerase poisons such as 9- 
amino camptothecin (NSC 603071), which inhibits only 
these two strains over the ~2 log range of concentra- 
tions tested. In addition to compounds expected to 
introduce DNA breaks, several novel structures showed 
selectivity for these two strains. Two such compounds 
were demonstrated to interact with topoisomerase I [12]. 
Many of the Stage 2-tested compounds showed selec- 
tivity for the mitotic spindle checkpoint mutant bub3. 
While the DTP repository has a large number of tubu- 
lin-interactive compounds, which would be expected to 
trigger the spindle checkpoint, many compounds that 
interact with mammalian tubulin fail to bind yeast 
tubulin [5]. Thus, many of the bub3~ selective hits are 
candidates for interfering with other components of the 
mitotic apparatus. 


7. Downloadable datasets 

For those interested in finding information on one or 
a few compounds, the DTP web site provides tools to 
retrieve and analyse data, as described in the preceding 
sections. Other researchers are interested in mining the 
large datasets. Most of the data on the DTP web site is 
available as downloadable datasets, and are in comma- 
delimited format that users can import into relational 
databases or spreadsheets and manipulate as desired. 
Thus, users can download 60 cell line data for approxi- 
mately 43 000 compounds. This is organised into three 
files, each comprised of data for a single endpoint (GI 50 , 
TGI or LC 50 ). Three additional files contain the data for 
just the Diversity Set. Two-dimensional structures for 
the 60 cell line tested compounds are available in 
MDL's SDFile format. In order to utilise the structural 
data, users will need to obtain a chemical software 
package. These datasets may be downloaded from 
http:/ /dtp .nci .nih . gov/docs/cancer/cancer_data. html . 

The Molecular Target data for the 60 cell line panel 
may be downloaded at http://dtp.nci.nih.gov/mtargets/ 
download.html. There are currently three datasets avail- 
able. There are two files with microarray data. The first 
presents data from a cDNA microarray experiment 
[36,38], analysing baseline mRNA expression in each of 
the 60 cell lines, relative to that in a pool of 12 of these 
cell lines. This dataset contains 9706 individual measure- 
ments for each of the cell lines. The second microarray 
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dataset contains data provided by Millennium Pharma- 
ceuticals using Affymetrix oligonucleotide microarrays. 
This dataset consists of 5365 feature sets for which 
baseline mRNA expression was assayed in each of the 
60 cell lines. For both of these microarray datasets, the 
gene assignments associated with each measurement are 
updated periodically utilising data from the human 
UniGene database of the National Center for Bio- 
technology Information. For the cDNA array data, the 
assignments are derived using the GenBank accession 
number for the sequence derived from the 3' end of the 
cDNA. For the oligonucleotide array data, gene 
assignments are made using the GenBank accession 
number of the sequence used to design the oligonucleo- 
tides. A third dataset contains data determined from 
individual experiments (non-microarray data) and cur- 
rently includes data from 255 measurements, including 
DNA mutation status, RNA expression, protein data 
and enzyme activity measurements. 

Files containing structural information on several 
hundred thousand compounds may be downloaded at 
http : / / dtp . nci . nih .gov / docs / 3d _ database / structural 
information/structural_data.html. Three-dimensional 
coordinates and Simplified Molecular Input Line Entry 
Specification (SMILES) strings are provided for several 
hundred thousand compounds. For those that are 
interested in particular subsets of compounds, separate 
files are available with structural data for compounds in 
the Diversity Set, the Mechanistic Set, the complete set 
of 140000 plated compounds, as well as for compounds 
that were tested in the 60 cell line screen or in the AIDS 
screen. Chemical software is needed to utilise the infor- 
mation contained in these files. 

Yeast screen data is provided in comma-delimited files 
for each of the 3 stages of the screen (http://dtp.nci. 
nih.gov/yacds/download.html). These files contain data 
for 87 264 compounds tested in the initial Stage 0 phase 
of the screen, 14837 compounds that underwent further 
testing in Stage 1, and 2189 compounds that were 
selected for multi-dose testing in Stage 2. AIDS Anti- 
viral Screen data for 43 905 compounds tested for abil- 
ity to protect human CEM cells from infection by 
human immunodeficiency viris-1 (HIV-1) is available 
for download at http://dtp.nci.nih.gov/docs/aids/aids_ 
screen.html [50]. 

Recently, DTP has begun to assemble these diverse 
datasets into a unified data warehouse. In this model, all 
assay results and chemical data are being merged into a 
single set of relational database tables. These tables are 
in a public Oracle instance, with a library of Java classes 
to facilitate data retrieval. Researchers will be able to 
write their own code to access the DTP data, and to 
seamlessly integrate it with their own data. Currently,* 
the data warehouse contains GI 50 , TGI and LC50 data 
from the 60 cell line screen (both the standard 2 day 
screen, as well as a non-routine 6 day assay), yeast 


screen data, data from the molecularly-targeted screens, 
chemical data, AIDS screen data and data from NCI's 
historical in vivo drug screen. The presentation of these 
data on the DTP web site is currently utilising the data 
warehouse architecture and the library of Java classes. 
Researchers interested in querying the data warehouse 
directly can find information at http://dtp.nci.nih.gov/ 
dw/d w_main.html. 

8. Conclusions 

The DTP databases represent a tremendous resource 
available to the public, particularly to those interested 
in the drug discovery process. Suppliers submit their 
compounds to the 60 cell line screen for a variety of 
reasons. Some submit a series of compounds and utilise 
the resulting data to aid in selection of a lead compound 
for further development. Others with an interest in a 
particular type of cancer wish to determine whether a 
particular class of molecules has activity against human 
tumour cell lines derived from that tissue type. Some 
researchers have already done in vitro testing and seek 
to use the 60 cell line data for a COMPARE analysis, to 
help develop hypotheses about how the compound 
might function. 

It is important to emphasise that while COMPARE 
has proven valuable in the generation of hypotheses, 
that any correlations need to be verified experimentally. 
There are some issues that arise frequently in doing a 
COMPARE analysis. Many of the compounds tested in 
the 60 cell line screen showed minimal activity, and were 
not tested further. The data for singly tested compounds 
should be scrutinised before investing resources in fol- 
lowing up on such a correlation. Often compounds tes- 
ted just once show little variability in the response of the 
cell lines. Other times, the pattern might appear to be 
dominated by one or a few cell lines, yielding corre- 
lation coefficients that may be quite high. While such 
results may be real, if the compound was only tested 
once, one does not know whether these results would be 
reproducible. 

When running COMPARE with Molecular Target 
data, it is important to consider how a particular gene is 
regulated. This is particularly true in interpreting data 
from microarray experiments. RNA levels are not 
always well correlated with expression data for the pro- 
tein it encodes [49]. Even with protein measurements, 
the relevant measure for interaction with a particular 
compound might be a modified form of the protein (i.e. 
phosphorylated, acetylated, acylated, etc.). A protein 
might localise to different locations within the cell, or 
might need to associate with other cellular components. 
These caveats make it particularly important to experi- 
mentally verify any correlations between compounds 
and Molecular Targets. 
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Since different researchers have differing goals for 
utilising the DTP databases, the web site provides mul- 
tiple ways of accessing the datasets. Users may explore 
the data using the tools that DTP provides to retrieve 
and analyse particular pieces of data. For those who 
wish to develop their own analysis tools and techniques, 
the datasets can be downloaded and subjected to these 
protocols. 
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Proteomic analysis for early detection of ovarian 
cancer: A realistic approach? 

£*2^^S^SS ~* Cancer Research, Bethesda, MD 

2003;13(suppl 2):133-139. 

Ovarian cancer is a multifaceted disease whereto ™08t ^omen are 
diaznosed with advanced stage disease. One of the most imperative 
SSHTjZn cancer is early detection. Biomarkers that aUow cancer 
S"n at stage I, a time when the disease is amenable to su^al and 
chlmofterapevuic cure in over 90% of patients, can dramatical* alter 
thS" women with this disease. Recent d"*f~£ mrnass 
spectroscopy and protein chip technology coupled with b °irrformahcs 
Sve Tin applied to biomarker discovery. The complexity of the 
pTeomTis frier, resource from which the patterns can be gleane* 
EkTpattem rather than its component parts is the diagnostic. Serum isa 
£y sourcT S putative protein biomarkers, and, by its nature, can reflect 
oln^ined events Pioneering use of mass spectroscopy joupfcd 
wKoinformatics has been demonstrated as behig capable of dteto- 
Ching serum protein pattern signatures of ovarian cancer m pah enrs 
Stt. earlv- and late-stage disease. This is a sensitive, precise, and 
£miSg toTfor which 8 further validation is needed toconfn^va 
ovarian cancer serum protein signature patterns can be a robust 
aX™ch for ovarian cancer diagnosis, yielding improved patient outcome 
and reducing the death and suffering from ovarian cancer. 

keywords: biomarker, mass spectroscopy, ovarian cancer, proteomic. 


The leading cause of death from gynecologic malig- 
nancies in the US is epithelial ovarian cancer . It is 
forecast that 25,400 new cases of ovarian cancer will 
be diagnosed in the US in 2003, and H300 ovarian 
cancer patients will succumb to disease. Although 
212,600 women will be diagnosed with breast cancer 
during that same time, the mortality rate is approxi- 
mately 19%, compared to 56% in ovarian cancer. This 
dramatic increase in risk of death for women with 
ovarian cancer is because breast cancer is most com- 
monly diagnosed at an early stage either by self- 
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examination or by noninvasive imaging >. The lack 
of a diagnostic symptom profile or simple noninvasive 
diagnostic physical examination techniques makes 
ovarian cancer almost impossible to diagnose early 
clinically. Most women are diagnosed with ovarian 
cancer after it has spread beyond the ovary into the 
peritoneal cavity. The chance of patients living 5 years 
after diagnosis in this advanced stage is between 20 and 
25%^ The mortality rate could greatly decrease with 
a presymptomatic screening test that has adequate 
sensitivity and specificity to detect ovarian cancer 
when it is organ<onfined and can be resected with 
increased probability for cure. New screening techni- 
ques using proteomic approaches are being developed 
with higher preliminary success rates than conven- 
tional methods. 
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Limitations in diagnostic screening 

Reliable, accurate, sensitive, and specific biomarkers 
for early detection and prognostication of ovarian 
cancer remain a critical need<">. Ovarian cancer is 
considered a relatively rare disease with approxi- 
mately one in 2500 postmenopausal women m the 
general population affected and a much lower 
incidence in premenopausal women. The burden of 
proof for any biomarker becomes more difficult as the 
disease is less common. A specificity of 99.6% on a 
background of 100% sensitivity has been identified as 
the minimum requirement of a biomarker for the 
detection of ovarian cancer at a positive predictive 
value of the biomarker of 10%< 8) . This means that 
very stringent conditions are needed to find the one 
ovarian cancer in 10 women presenting for cause. 
After a patient's screening results are positive, the 
next step is a diagnostic exploratory laparotomy or 
laparoscopy to confirm the diagnosis pathologically 
and debulk disease. 

Detection and surgical removal of early-stage ovanan 
cancer, when the cancer is still confined to the ovaries, 
results in cure in over 90% of patients^. Thus, the nrst 
task in tackling ovarian cancer is to develop a reliable 
screening system to identify patients when the disease is 
organ confined or mirurnally spread, stage I/H disease, 
and triage them to appropriate gynecologic oncologic 
care CA125, the only biomarker available for ovanan 
cancer monitoring, has been approved only for use in 
monitoring ovarian cancer patients for recurrence at 
disease*"' 10 *, but not for screening, even in the genetic- 
ally high-risk patients. Nonetheless, it is used commonly 
in that high-risk group, alone or in concert with 
ultrasound imaging™. The combination has not been 
successful in selective identification of early-stage disease 
patients, although it has yielded an overall improved 
survival rate* 11 *. CA125 is elevated in approximately 
80-85% of women with advanced stage ovarian cancer 
at diagnosis< 4 - 8 ' 10) . However, it is only abnormal in 
50-60% of patients with early-stage disease and m all 
stages is most likely to be elevated in serous cancers . 
Newer approaches, such as the Risk of Ovarian Cancer 
Algorithm* 13 ' 14 *, discussed elsewhere in this meeting 
report, may make the predictive reliability of CA125 
better. Unfortunately, there are many sources of false 
positively elevated CA125 that need be considered 
deluding benign gynecologic disease, benign and mahg- 
nant breast and colon disease, and other irritants of the 

peritoneal cavity 05 ' 16 *. , 

New technologies and bioinformaac approaches 
are under development to be applied to the question 
of biomarkers for early detection of ovarian cancer. 


Few cancers are characterized by a single reliable 
biomarker. Thus, the challenge in identification of an 
ovarian cancer screening tool is how and what infor- 
mation to combine to engineer the most sensitive, 
specific, and reliable discriminate of disease. Current 
directions, which are discussed by Dr Jacobs else- 
where in this issue, combine clinical history, CA1Z5, 
and, where indicated, color Doppler flow ultrasound 
with the Risk of Ovarian Cancer Algorithm 
Whether the combination of this approach with new 
biomarker panels or technologies will further advance 
its progress is an important question. 


Application of mass spectroscopy 
proteomic approaches 

The field of proteomics has brought new technology 
with which to approach ovarian cancer detection and 
offers a series of new directions that may bear fruit. 
Our group hypothesized that circulating blood is 
exposed to disease even when organ confined and 
therefore could harbor occult information regarding 
that disease <17) . This is not a novel hypothesis, m that 
we know that prostate-specific antigen (PSA) can be 
elevated in organ-limited prostate cancer, and ele- 
vated human chorionic gonadotrophs (P-HCG) is a 
marker of pregnancy, also an organ-confined process. 
The twist on the hypothesis is that the proteins in the 
circulating blood may be iterated into patterns that 
provide diagnostic information in the absence of 
specific identification. Proteins, the 'effector organs of 
genomics and transcriptomics, are often secreted or 
released into the local microenvironment where they 
may end up in the circulating blood. Application of 
micromass spectroscopy coupled with complex bio- 
informatic techniques to samples of blood from 
affected and unaffected patients has shown promise 
for the identification of discriminating protein sig- 
nature patterns in the blood of organ^onfmed disease 
for ovarian cancer and other solid tumors . 

SELDI (surface-enhanced laser desorpbon and 
ionization) or MALDI (matrix-assisted laser desorption 
and ionization) with time of flight (TOF) detection are 
mass spectroscopy approaches that allow us to see 
selected components of the low-molecular-w«ghtpro- 
teome, a heretofore untapped information reserve . 
Low-molecular-weight proteins, indistinguishable by 
conventional techniques, could reflect the pathological 
state of organs and aid in the new discovery of proteomic 
patterns unique to early stages of ovarian cancel* . 
Serum samples of less than 10 obtained from a routine 
venipuncture have been used in the SELDI-TOF system. 
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The serum samples are applied to protein chips of 
different protein-binding specificities. This provides a 
preselection of proteins in the sample through binding 
to the treated chip surface, such mat only a subset of 
proteins within the serum sample are bound to the matrix 
and therefore detected as shown in Figure 1. The use of 
multiple capture chip matrices provides different views 
of the proteome. . 

The serum protein-bound chips are introduced into 
a mass spectroscopy machine. Data output reflect the 
different species of serum proteins captured on the 
chip. Separation and detection of proteins results 
from ionization of proteins with laser energy and 
their 'flighf off the chip down the vacuum tube to 
the detector. This occurs in direct proportion to the 
size and net electrical charge of the protein (m/z) and 
is not a quantitative reflection of the presence of the 
species in the sample/Depending upon the resolution 
of the mass spectroscopy unit, the datastream can 
contain 15,000-350,000 datapoints in the region 
below 20,000 Da/charge ratio* 19 *. This portion of the 
proteome is frequently mono-charged, thereby reflect- 
ing the molecular weight of the protein in most but 
not all cases. The mass spectroscopy pattern is shown 
as a chromatographic pattern wherein the peak 
amplitude is represented on the y-axis at a given 
mass/charge assignment (*-axis). These x,y coordinate 
datapoints in the datastream are applied via ASCD tile 
to the bioinformatic program for analysis 1 . 

Application of advanced bioinformatic algonthms 
to the mass spectroscopy datastreams mines the data 
for diagnostic patterns of information. The algorithm 
approach we have used teaches the bioinformatic 


program what it should be looking for by presenting 
datastreams from a teaching set of defined populations. 
We 'educated' the bioinformatic program with known 
mass spectroscopy datastreams from serum from 
women unaffected with ovarian cancer and from a 
cohort of women with varied stages of disease from 
whom blood was ascertained prior to surgical and 
chemotherapeutic intervention. The program was 
charged with defining an algorithm that fully segregates 
the unaffected from affected sera (Fig. 2). It begins by 
randomly selecting a set of five features (the x,y coord- 
inates) and asking whether they discriminate the two 
known cohorts. It continues iterating until it identifies a 
set of features, beginning with 5 and going up as 
required, which successfully meets the criteria, in this 
case 100% segregation of unaffected from affected. This 
is the optimized diagnostic pattern. This pattern is then 
used to classify diagnosticaUy unknown samples from 
which to test its true discriminative ability. A diagnostic 
signature pattern for ovarian cancer has been developed 
from at least three different chip selection matrix 
backgrounds, and in each case has consisted of five key 
discriminant features. Use of the weak cation exchange 
chio fWCXTT) has consistently resulted in signature 
patterns that are 99-100% sensitive and 99-100% .specific 
when queried with blinded unknown samples (Table 1). 

These results coupled with preliminary application 
of this technology by other several groups have 
shown it to be promising as a new biomarker tool. 
Our demonstration of a sensitivity and specificity, 
both 99-100%, indicates that this approach may have 
the power to detect ovarian cancer signatures in the 
range required for a realistic biomarker. Large-scale 


Prostate cancer 


Ovarian cancer 



Flg.1. Mass chromatograms of ovarian and 
prostate cancer patients' serum. Ovarian 
and prostate cancer patient serum samples 
are bound to the C18 reverse-phase 
hydrophobic chip surfaces. The ovarian 
cancer mass spectroscopy band patterns 
from the C18 chip are translated into a peak 
intensity spectra with mass/charge values 
on the x-axis and a relative amplitude on 
the y-axis. A gel view of the chromatogram 
is shown for both the prostate (upper) and 
the ovarian (lower) cancer samples below. 
The prostate cancer and ovarian cancer 
share common visible band patterns. 
However, the key feature diagnostic subset 
is different for the two cancers and requires 
seven features to segregate prostate cancer 
and five key features to identify ovarian 
cancer (noted below gel view by arrow s and 
m/z size)* 34 *. The signature differences 
could not be attributed to simple gender 
differences 07 *. 
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recognizes normal from cancer In the 
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Protein spectra from unknown test sample for diagnosis 
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Diagnostic signature discovered from training set 
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Fift Z Discovery aigorithm for optima. discri.nina.arv signature ?^ ^^^^7^^^^°^ 
^posedof t^o pfuL,, the training set (A) and sample for diagnosis set ^^J^^^^^rog^ searches the serum mass 
t^SSSSectol or have cancer (affected ^^^^^ u ^ ^S^^i^^^^^ 
^e^copy spectra patterns between these two groups to find the p^em is then used in the second phase to 

b^nor^Leer.^ categories based .their 

identify unknown patient samples. The samples for ^gnosis ^S^^uzeTas being neither normal nor cancer. <Q Presentafon of 


prospective and blinded studies are necessary to 
determine the robustness of these early findings and 
to form the basis for its application in prospective 
screening trials. 

Proteomics for prognostication and 
treatment selection 

Although most women are diagnosed with advanced 
ovarian cancer, and of that group over 80* ultimately 
die of their disease, we know also that there is a 
subset of women with early-stage disease who 
succumb to their cancel. One explanation is that 
these women are incompletely or improperly staged. 
Another is that they have a fortuitously early-stage 
presentation of an aggressive cancer. Last, cancers 
may have or develop drug resistance under different 
selection criteria. We currently do not have reliable 
means of answering these questions or, more import- 
©2003 IGCS, International Journal of Gynecological Cancer 13(.uppl 2), 


antly, to identify those women at risk early enough to 
intervene. An important parallel application of J* 
biomarker proteomic signature diagnostics and the 
data mining technology will be to identify the early- 
stage patients for whom our current intervennonsdo 
not provide long-term disease remission or cure. This 
should be done in the context of a large prospective 
clinical trial of early-stage patients, homogeneously 
treated, for whom blood samples are ascertained 
prior to chemotherapeutic intervention. Long-term 
follow up will allow stratification of the training sete 
for cured patients and those who relapse. The identi- 
fied signatures can be validated in subsequent 
prospective patient trials. This approach has been 
proposed as a pUot in advanced stage disease. The 
observation that the signature patterns tdentmed to 
date by our group are not stage specific and consist- 
ently recognize all early-stage patients suggests that 
this approach may be successful. 

133-139 


Proteomic analysis for detection of ovarian cancer 137 


TMel Penary .sul* <* *«* cation ttcchange sdection chip signature patten, test 250 blinded sample,) 

! ' Correct/total 


Blinded unaffected test cohort 
Unaffected , . , a 

Benign gynecologic and nongynecologic inflammatory 

Specificity 

Blinded ovarian cancer cohort 
Stages II, HI, and IV 
Stage I 

S ensitivity _ - — 

Bata ascertained from ABI qTOF LOMS-MS mass spectroscopy urut 


Correct/total 

66/67 
70/71 


75/76 
36/36 


Percentage 


99 
99 
99 

99 
100 
99 


Therapeutic markers discovered through 
molecular and proteomic microarrays 

The advances in technology have been applied to cell 
lines and patient samples both to advance early diagnos- 
tic biomarker discovery and to learn more about the 
phenotype of the ovarian cancer to optimize treatment 
decisions. This approach can take several directions, 
including transcriptomic assessment followed by pro- 
teomic confirmation or direct proteomic studies Gene 
and protein expression and activation may be modified 
during chemotherapeutic drug treatment. These changes 
may be causative or in response to injury, resulting in 
drug resistance or signaling pathway changes. 

Application of cDNA microarray analysis to ovarian 
cancer and other cancer cell lines and patient samples 
obtained before and after treatment have been performed 
by several groups^. The goal is to identify markers of 
resistance Thi high throughput approach allows 
investigation of multiple putative markers at one fame 
and placement of the markers into analytical perspective. 
One example is the study of camptotheon (CPT), a 
topoisomerase I inhibitor, the derivatives of wruchare 
used clinically to treat ovarian cancer and colorectal 
carcinomas^.The sensitivity of CPT in cancer pauente 
is due to molecular responses to the DNA damage it 
causes 527 - 20 cDNA microarrays of 1694 cancer-related 
genes were used to monitor the gene expression 
consequences of CPT treatment in vim to S-phase 
SSmized HCT116 colon cancer cells^. Qualitative 
differences in cluster analysis patterns of geneexpression 
were produced between low- and high^CPT exposure 
concentrations. Gene expression array analysis yielded 
gene function clusters that were differentially expressed 

with treatment . 

Further proteomic technology advances allow signal 
pathway profiling of a variety of signaling pa*v«ys 
Luveintumwandstrorna.l^cap^^ 
of tumor epithelium and stroma provides template ot 
select tumor subpopulations of the local tumor rrucro- 
Svtonment mTmay be responsible for the tumor 


growth and death responses to treatment^. This small 
number of cells does not provide enough material, either 
RN A or protein, for detailed assessment using traditional 
assay templates. We have developed a microirnmunobbt 
technique^' that when coupled with microdissection of 
tumor samples provides high quality and reproducible 
results. Further, we have applied that to the development 
of reverse-phase protein or tissue lysate protein 
arrays 519,32 ' We are now using tissue lysate arrays ot 
tumor epithelium and stroma rnicrodissected samples to 
profile the signaling pathways activated and ^atedm 
ovarian cancer patients enrolled in our trials of the oral 
tyrosine kinase small molecular inhibitors unatoub 
mesylate (Gleevec) and ZD1839 (Iressa) for advarced 
and relapsed ovarian cancer patients. We hypothesize 
that application of these techniques will allow us to 'indi- 
vidualize our therapy to treat the career of the mchvidual 
patient ramermanfhecategory of cancer in the population 
(Fie 3) Identification of the specific signal events active in 
a particular cancer and targeting intervention to those 
specific molecular events may improve treatment white 
reducing toxicity and may allow us to understand better 
howovanancancer behaves and whymdift^tpatients. 

Conclusion 

Preliminary and promising results of ovarian cancer 
oroteomic signature patterns have been documented 
CwZou^ and others^. Importantly, not 
aU groups are using the same bioinformatic approach, 
thufvaUdating the power of the information m the 
mass spectroscopy datastreams if mined aPP^P 1 ^; 
Furthertechnologic advances have been made so that 
the features comprising the diagnostic patterns can be 
Sated and identified from the small bW voto. 
obtained. We are now applying advanced LC-MS-MS 
mass spectroscopy to the isolation of key features^ 
the diagnostic patterns. While the pattern may reflect 
me 0 rgan<onfined disease itself, or the host response £ 
it thecause of the pattern is irrelevant to the potential 
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Qene 


Signal network 
profile 


EGFR signature, 452 genes In 74 cases 


Biopsy 


Microdissection 



Phosphorated states of signal pathway proteins 


. v^marmvs to dissect the fowling events intheceflcan 

Hlt 3 Q^andpn^nuooarn^Co^ 

Lc«>diJS<mframwhi*p.^ 


effectiveness of the pattern as a diagnostic ^marker 
However, these differences pose new challenges ito the 
isolation and characterization of key feature peptides 
and if not kept in perspective, may cloud our under- 
standing and appreciation of potential value of the 
pattern concept Proteomics is a promising direction 
for clinical and scientific advancement in our under- 
standing and diagnosis of ovarian and other gyneco- 
logic cancers. 
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Abstract- 


Mammography remains the diagnostic test of choice for breast cancer, but 20% of cancers still go undetected. 
Many serum biomarkers have been reported for breast cancer but none hava proven to represent effective di- 
agnostic strategies. ProteinChip® moss spectrometry h an innovative technology that searches the proteome 
for differentially expressed proteins, allowing for the creation of a panel or profile of biomarkers. The objective 
of this study was to construct unique cancer-associated serum profiles that, combined with a classification al- 
gorithm, would enhance the detection of breast cancer Pretreatment serum samples from 1 34 female patients; 
(45 with cancer, 42 with benign disease, 47 normal) were procured prospectively following institutional review 
boord-approved protocols. Proteins were denatured, applied onto ProteinChip® affinity surfaces, and subjected 
to surface enhanced laser d«iorption/ionization (SELDI) time-of-flight mass spectrometry. The SELD! output was 
analyzed using Biomarker Fbttern Software to develop o classification tree based on qroup-specHte protein pro- 
files. The cross-validation analysis of cancer versus normal revealed sensitivity and specificity rates of 80% and 
79%, and for cancer versus benign disease, 78% and 83%, respectively. When 2 different chip surfaces were 
combined the sensitivity and specificity increased to 90% and 93%. respectively. The sensitivity and specificity of 
this technique are comparable to those of mammography and, if confirmed in a larger study, this technique 
could provide the means toward development of a simple Wood test to aid in the early detection of breast can- 
cer. The combination of SELDI ProteinChip® mass spectrometry and a classification- and regression-tree algo- 
rithm has the potential to use serum protein expression profiles for detection and diagnosis of breast cancer 

Clinical. Breast Cancer, Vol. 4, No. ft, 203-209; 2003 
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Introduction 

Breast cancer remains the most common cancer affecting 
women today. However, although there arc > 200,000 new 
cases diagnosed per year, there is still no blood test current- 
ly available for detection. Mammography is the best avail- 
able ftrreentng teat for this rilAAASK, with a Rftnaitivity of 75%- 
90%, and remains the gold standard against which all new 
modalities must be compared. 1 However, 20% of breast ean- 
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cere will go undetected by conventional imaging. The short- 
comings of mammographic detection are particularly evi» 
dent when examining young women who are more likely to 
have dense breasts and/or are carriers of a genetic predispo- 
sition such as BRCA I or BACA 2, for the development of 
breast cancer at an early age (50* of the carriers of a gene 
mutation will develop breast cancer by age 6^ compared 
with 2% of the general population). Genetic testing of 
women at high risk is becoming more widespread and will 
result in increased identification of younger women under- 
served by routine imaging. An alternative method of diagno- 
sis must be devised not only for those who are genetically 
predisposed but also for improved detection in the general 
population. 

Attempts to identify a single serum biomarker for diag- 
nosis of breast cancer have been unsuccessful Biomarkers 
(or proteins) that have been identified are of limited utility 
for 3 reasons- First, they aro found in only approximately 
30% of early breast cancers and therefore are not useful for 
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Table 1 Demostnphics of the Cancer and Conkol Grows 


Characteristic 

Normal 
(n = 47) 

Benign 
<n»42) 

Cancer 

(n=>45) 

Median Age (Years) 


47.2 

59.3 

Range (fern) 

21-78 

30-69 

31-91 

Rum 




White 

40 (85%) 

33 [79%) 

20 (44%) 

Black 

3 (6%) 

6(14%) 

24 (53%) 

Other 

4 (9%) 

3(7%) 

1(2%) 

Tumor Stage 

1 



14(31%) 

2 



14(31%) 

3 



Q(13%) 

4 



3 (7%) 

Ductal Carcinoma In Situ 



8(1A%) 


serening purposes. 3 Second, they may have prognostic 
value only, such as the case with HER2. Third, they may be 
useful only for monitoring stability of disease and recur- 
rence, such as the case with Ca 27.29. 2 » 3 To be clinically 
usefUl for detection, a biomarker must be present in the 
majority of breast cancers and be identifiable when the 
cancer is In its earliest, most curable stage. Because of the 
molecular heterogeneity of tumorigenesla, a single bio- 
marker may not provide the answer. The identification and 
simultaneous analysis of a panel of btomarkers, reflecting 
various biologic characteristics of the cancer and host re- 
sponse, would appear to have a greater potential for over- 
cominE the current limitations and improve early detection 
of breast cancer. 

For many years, ^dimensional gel electrophoresis has 
be«n the principal tool for this purpose because it Is able to 
resolve thousands of proteins In 1 experiment; 4 however, it 
haB limitations in detection range, is labor intensive, re- 
quires lergR quantities of starting: material, lacks interlab- 
oratory reproducibility, and is not practical for clinical ap- 
plication. The innovative surface enhanced laser desorp- 
Uon/ionixation (SF.T.DI) time-of-flight mass spectrometry 
ProteinChip® technology ia fast, has high throughput capa- 
bility, requires orders of magnitude lower amounts of the pro- 
tein oompU, can oflfoctively resold taw-mass proteins (2-20 
kd). and is directly applicable for clinical assay develop- 
ment.^ This technology uses patented ProtelnChip® ar- 
rays coated with a oh*micol to affinity-capture protein 
molecules from complex mixtures. Various types of Pro- 
teinChip® arrays with different affinity matrices such as 
hydrophobic, ion*, and metakbinding, nm available In 
ortler to optimise protein-binding afflnitieB. In addition, 
application of preactivated surfaces allows covalent immo- 
bilization of antibodies, receptors, DNA, glycoproteins, and 
other markers for specific affinity capture. 6 * 8 Retained pro- 


teins are subsequently analyzed by tiroe-o&fiight mass 
spectrometry. With the aid of SBLDl software, a retentate 
map is generated depicting the mass/charge, which corre- 
sponds to the molecular weight. Different spectra can then 
bo combined or compnren to elucidate protein profile 
changes between samples. 

Our laboratory and others have previously demonstrated 
efficacy of the SttLDI technology for biomarker discovery, 
and, when coupled with an artificial intelligence algorithm, 
for differentiating cancer from noncancerous tissue with 
high accuracy.* 7 ' 11 " 17 Based on these very positive results, 
the present study was designed to evaluate the SELDI- 
based protein profiling and classification system for differ* 
vuUnUug bvoaot cancer from noncancerous tissu* 

Methods 

Serum Samples 

Female patients with abnormal mammogram or clinical 
breast examination results who required an operative surgical 
biopsy were eligible to participate in this study for brarat can- 
cer detection. They were enrolled through after signing an in- 
stitutional review board-approved informed consent form. 

PretreatmoiiL eerum aorapUs wcro obtained at the s»m* 
time as preoperative laboratory studies and therefore were 
separated in time by St 1 week from any clinical breast ex- 
amination, diagnostic nudging, or diegnootio biopsy (fine 
needle aspiration or core). The samples were then retro- 
spectively categorized as benign or cancerous upon patho- 
logic confirmation. Normal scrum samples wore randomly 
collected from healthy volunteers during the same time pe- 
riod (December 2001 to May 2002) as the benign and can- 
cer specimens were obtained and were not drtnvn in concert 
with any clinical breast evaluation or diagnostic imaging. 
All serum samples (from normal volunteers and patients 
with benign diuease or cancer) wem directly »opar*t*d into 
aliquots and stored at *0°C. All clinical information, in- 
cluding age, race, menopausal status, personal breast his- 
tory, histologic diagnosis, and, in cases of eaucer, clinical 
and surgical stage, tumor type, tumor grade, and receptor 
status were recorded in the breast study database. No at- 
tempts were made to separate the samples baaed on co- 
morbid conditions, medications taken, or timing of blood 
drawing with respect to menstrual cycle. 

The demographics of the patients and the stage distribu- 
tion of the breast cancers are presented in Table 1. Benign 
conditions included low-risk conditions (fibroadenomas, 
cysts, epithelial-related calcifications) as well as disease 
with increased risk for breast cancer (atypical lobular or 
ductal hyperplasia, and fibrocystic disease with severe hy* 
perpiasia). 

SBLDI Processing of Serum Samples 

Serum samples were applied to the strong anion exchange 
(SAX) and immobilized copper chip surfaces. In brief, 21 
of serum was mixed with 30 uL of 8 mol/L urea/1% 3-[(3- 
cholamidopropyDdimethyLarainoM-propaneeulphonate 
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(CHAPSy-phoephate-bufiFerod saline (PBS; pH 7.4) buffer 
ft>r 10 minutes at 4°C, followed by Lhu odditum of 100 p£ of 
1 mol/L urea/0.125% CHAPS-PBS buffer and 600 \LL of 
binding buffer compatible with the type of surface used (PBS 
for immobilized copper and 20 mnioJ/L HEPES/O.Vfe Triton 
for SAX). Diluted samples of 80 uL were then applied to the 
chips using a bioprocessor. After a 30-minute incubation! 
nonepecitlcally bound molecules were removed by 3 brief 
washes in binding buffer followed by 3 washes with high- 
pressure liquid chromatography-gradient water SInapinic 
acid (2 x 1 uL of 50% sinapinic acid in 50% 0.1% trtiluo- 
roacetlc add) was applied to the chip array surface and 
mass spectrometry performed using a Protein Biology Sys- 
tem II SELDI mass spectrometer. Mass/intensity data were 
collected by averaging a total of 192 laser shots. Mass cali- 
bration was performed using the all-in-one peptide stan- 
dard that contains vasopressin hirudin, human insulin, so- 
matostatin, and bovine insulin (p-chain recombinant), All 
samples were processed in duplicate. 

Processing of SELDI Data 

With use of the SELDI software, protein peaks were la- 
beled and their intensities normalized for total ion current 
(mass range, 1.0-200 kd) to account for variation in ioniza- 
tion efficiencies. Peak clustering was performed using the 
Biomarker Wizard software with the following settings: 
signal/noise ratio (first pass), 3; minimum peak threshold, 
10%; cluster mass window, signal/noiae ratio (second 
pass), 1.5- Peak mass and intensity were exported to a 
spreadsheet, and the peak intensities from each duplicate 
spectrum were averaged. Pattern recognition and sample 
classification were performed using the Biomarker Pattern 
Software (BPS). The decision trees described in the result 
section were generated using the Gmi method nonlinear 
combinations. A 10-fold cross-validation analysis was per- 
formed as an initial evaluation of the test error of the algo- 
rithm. Briefly, this process involves splitting the data set 
into 10 random segments and using 9 of them for training 
and the tenth as a test set for the algorithm. For these 9 
segments, the sample is labeled M unblinded tt as cancer, nor- 
mal, or benign to allow the computer to learn what protein 
features can be used to differentiate among the cohorts 
compared. The computer is first trained in an unbHnded 
fashion to recognize what is normal and what is cancer in 
order to learn to discriminate between the 2 conditions. 
Multiple tiro* were initially generated with all the peaks 
included as variables by varying the splitting factor by in- 
crements of 0.1. These trees were evaluated by cross- vali- 
dation «nAly«ifi (the. mmnining tenth random segment U 
subjected to the decision tree chosen in a blinded fashion). 
The peaks that formed the main splitterB of the tree with 
tlw hx^hwt prediction fates were then selected TTik Lit** 
was then rebuilt based on these peaks alone and reevaluat- 
ed by cross-validation analysis, such that oil samples would 
bo reevaluated using the ohoeen decUlon tree to determl- 
nine if the results are the same. 


Fiijurc ] Decision-Tree Algorithm Uvinjj Stinnfi Anion Exchange 
Chip Siirlcii-; 


Decision Nodes 

TorrnlrKjt Ngde* 


r 


Mow 4.27 
Intensity £ 2.6W 

Normal 47 
ConceMS 


Mass 3.68 
Intarolty S0.217 

Normal 43 
Cancer 24 


Normal 4 
Cancer 2 1 
Cancer 


Normol 0 
Center 8 

Cancer 


Mass 2.95 
Intensity S 0.84 1 

Normal 43 
Cancer 1 6 


Norrool3 
Cancer 8 
Cancer 


Normal 40 
ConcerS 


Decision tree classifying *e concor and normol groups utilizing o tfngfe chip 
<u*foc9 Th* mrt<« t\(vi IntAfwHy l«v«fi of the peak formmo the jpHWng n/to am 
shown. For cxgmpla, (Ha qutrton forming tho first splitting fula ia the iofaMng: 0*0 
the Intensity Mi of the peck «i 6.1 1 kd lower or equal to thai* oi 2.68 kd? 
Samples (hot follow ihe rvle go fha ted daughter nod« ond wmplw Ihet do not 
follow fha ml* go 10 the rtghl daughter nod* Thu flumbftn of ajnear o"d normal 
tomples In gach node an* iftown. TtM dOWttahon of each terminal nod« ff Shown 
Ortd it d«Manined by the (amnios In majority Man of main ipJiller thowrt irt kd. 


Results 

Differentiation of Cancer and Control Groups 
with the Decision-Tree Algorithm 

A combined total of 134 eentm samples from patients with 
breast cancer (n = 45), patients with benign breast diseases (n 
,** 42), and women with no evidence of breaet disease (n » 47) 
were analyzed by SBIDI mass spectrometry using the immo- 
bilized copper ProtetnChip^ surface. The protein profiles of 
the cancer and control groups were analyzed by a decwion- 
tree classification algorithm (BPS). In brief, thia algorithm 
splits the data tet into 2 bine at each branch based on deci- 
sion rules (Figures 1 and 2). The rules .are formed by the 
peak intensities being either greater or lese than^ specific 
value for each selected mass* Samples that follow the rule 
(le ( peak intercity is * the cutoff intensity value) go to the 
left daughter node. When splitting can no longer be per- 
formed, terminal nodes are generated and classified ac- 
cording to the samples in the majority; in this case, tho ter- 
minal node is classified as either cancer or benign/normal 
specimen (Figures 1 and 2). 

The BPS eleEOrithm to not very efficient in comparing 
3 groups simultaneously, and therefor© 2-group comparisons 
(cancer vs. normal and cancer vs. benign) were performed. Fig* 
urea 1 and 2 illustrate the decision trees that yielded the high- 
est precision in differentiating the 2 groups. From a total of 61 
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Fitjure 2 ilfiiision-Trce Algorithm Usinfi immobilized Ojijij 
Chip Sudnie 


Mass 7.48 J 
Intensity s 0-539 

r Benign 42 1 1 
Cancer 45 


Decision Nodes 
Terming! Nodes 


Benign 0 • 
Cancer 13 
Cancer 


r 


Moss 6.61 
Intensity* 1.190 

Benign 42 
Cancer 32 


■1 


Benign 28 • 
ConoW 
Benign 


Mg*s7.48 
Intensity 4 0.91° 

6enian 14 
Cancer 25 


1 


Benlon 1 
Cancer 9 
Cancer 


Mow 6.43 


Intensity* 0.431 


Benign 1 1 

n 

Cancer? 



Benign 10 


Cancer 0 


Benign 


Benign 3 
Cancer 16 
Cancer 


The number of lamplti in each ne<te and the cbsdltQllon d lemiinal nodes ore 
shown. Man of mein «pUH«r shown In Id. 

peaks* ranging from 2.5 kd to 30 kd, 3 peaks were selected by 
the BPS algorithm to discriminate cancer from the normal 
group (Figure 1). Peaks at 2.9B kd, 3.68 kd, and 4.27 kd form 
the main splitters of the decision tree (Figure tt.-Thesa peaks 
were different from those selected by the algorithm to dis- 
criminate cancer from benign disease. From 62 protein clus- 
ters analyzed, 3 masses of 6.43 kd, 7.48 kd, and 8.61 kd were 
selected as main splitters for separating cancer from berugn 
samples. A 10-fold eros*vdidatinn analysis was performed as 
an initial equation of the accuracy of the algorithm in classi- 


Table 2 Prodkliu 

it vjf Unidsl tuiKKj- Ihiiiij 

strong /amioii 

Exdiuny 

> Chip Surface 


Cancer Versos Normal 



Sendtlvlry 

Specificity 

learning Set 

82.2% (37/45) 

85.1% (40/47) 

CroSS-ValWation 

80.0% (36/45) 

78.7% (37/471 

Cancer Versus Benign 


Sensitivity 

Specificity 

teeming Set 

84.4% (DO/46) 

90.4% (3B/42J 

Cross-Validation 

77.7% (35/45) 

83.0% (35/42) 


number of samples in the group. 


tying breast cancer Sensitivities of 78%-80% with specificities 
of 79^83% were obtained (Table 2). Attempts to combine the 
normal and benign groups for comparison with the cancer 
group yielded poor decision trees. One explanation is that dif- 
ferent proteins were selected by the algorithm to classify nor- 
mal versus cancer and benign versus cancer samples. Use of a 
different type of bioinforroatics algorithm will be necessary to 
analyze IKo mmhined normal/benign cohorts. 

Combination of Chip Chemistries Increases 
Diagnostic Accuracy 

In an effort to increase the volume of the proteome exam- 
ined and to enhance the chance of detecting protein bio- 
morlsoro, a subset of samples randomly chosen (30 cancers 
and 30 normal donors) was applied to both the immobilized 
copper and SAX chip arrays. Both surfaces effectively re- 
solved low-mooo « 20 kd) protein poatet, whereas the SAX 
surface was superior in resolving larger (> 20 kd) protein 
masses. Figure 3 shows representative protein spectra from 
1 cancer scrum oomph) processed on SAX «nH immobilised 
copper chips- 

From a total of 134 protein clusters (B3 detected on in> 
mobilW copper ranging from 2.6 kd to 30 kd; ftl d«tected 
on SAX ranging from 0.5 kd to 40 kd), 4 protein peaks were 
selected by the BPS algorithm to differentiate breast can- 
cer from normal samples (Figure 4)- Three poaks (2 ft* kd, 
3.94 kd, and 3.97 kd) were detected on the immobilised cop- 
per chip, and 1 peak (4.03 kd) was detected on the SAX sur- 
face- The mass spwlra end gray-scalo views as wall ss th<* 
intensity distribution for these 4 masses throughout the 
samples are shown in Figure 5. A 10-fold cross-validation 
analysis was perfbrnued us au Initial evaluation of the accu- 
racy of the algorithm in predicting breast cancer. A speci- 
ficity of 83.3% and a sensitivity of 90% were obtained 
(Table 3). 

Discussion 

Despite advances In diagnostic imaging, mammography 
remains the gold standard screening modality for detecting 
breast cancer. Advantages of mammography are that it is 
readily accessible, noninvasive «nd relatively mo*pensive. 
Although its sensitivity is appropriately 76%-90%, the posi- 
tive predictive value is quite low (25%). lfl Furthermore, lim- 
itations in mammography are seen In women who aro young, 
have dense breasts, are undergoing hormone-replacement 
therapy, or have a germ-line predisposing mutation (BRCA 1 
or BRCA 2). ie Clearly, an adjunct to mammography la nocd 
*<L This new modality must possess the same advantages as 
mammography, such as being readily accessible and repro- 
ducible, posing minimal risk to patients, and being rolaHvo- 
ly inexpensive. A simple blood test would fulfill all these cri- 
teria, and the concept Is not only appealing, it is feasible. 

Unfortunately, years of research have fttfhed tu produce a 
serum marker in women. The vast majority of biomarkers 
(proteins) identified are not present in most breast can- 
cers.*. 3 Knowing that breast cancer is a heterognutwue dls- 
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Figure 3 Protein Speclra Processed on limnoliilizucl Coppui and Sirong Anion Exdianye Chips 
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ease, perhaps the answer lies in a panel or profile of bio- 
markers (proteins). This profile would reflect not only the 
tumor itself but the host response as well. Because such 
profiles could represent phenotypic events commonly al- 
tered during neoplastic trarisformation and progression* a 
subset of the multiple biomerkers (proteins) would be pres- 
ent in the majority of tumors. 

SELDI is a highly sensitive, specific, and high-through- 
put technology that can analyze complex biologic samples 
without the need for difficult preparation steps inherent 
to other proteomic approaches. In addition, proteins of low 
molecular weight and extreme isoelectric focus are easily 
resolved and analyzed based on relative concentration and 
mass. The resulting protein profile of a given sample can 
then be analysed by advanced bioinibrmatic tools and com- 
pared for similarities and differences with other samples. 
Directed learning algorithms are applied to case and con- 
trol to generate a decision path using distinguishing pro- 
files. Once the optimum ddscrinunatory decision prooesa is 
created, blinded samples can then be subjected to analysis 
tn mnfirm the utility of the algorithm. 
Our initial investigations with the SELDI technology began 
■ with prostate cancer. Using serum, prostate-e^eclfic antigen, 
proetAte^mfic membrane antigen, and prostatic acid phos- 
phatase were detected at the predicted molecular mass with a 
variability of < l%. 9 When sera from a total of approximate^ 
400 Individual Including patients with prostate cancer, meo 
with benign prostate hyperplasia and normal Individuals were 
processed by SELDI and analyzed by a decision tree daseiuca- 
tion algorithm, senslthritien and specificities of 96% were ob* 
twned.UW Other reports from our laboratory and other in- 
vestigators farther support the potential of SELDI in discrim- 
inating cencor from nonconrw controls based on differences 
in protein patterns observed in sera, urine, cell folates, and 
other body auidsM 10 ' 11 ^ 1 *'* 9 ' 17 Li and colleagues demon* 
rtroAod that oradyftta of the SELDI data with a combination of 
bioinformatic tools provided sensitivity and specificity rates 


tor breast cancer of 93% and 91%, respectively. 1 7 in our itud* 
we employed simpler statistical approaches than those used 
by U and colleagues and explored the idea of chip chemistry 
combination as a means of btunuuhev diacovuiy. 

We analyzed our cohort of patients with breast cancer 
using the same serum protocol and chip surface as was es- 
tablished in our earlier studies. 0 11 Thts algorithm employed 
for the analysis of the breast cancer data set differs from the 
decision tree used in our earlier prostate studies; the BPS 
used in the present Study Is a simple uoumwicUd package 
bundled with the Protein Biology System II instrument and 


Figure 4 Dacisiun-Tioo Algoiilhr.i Using ImmobllUcui Cu|j; 
5l;ufTj Anion txchcingn Chip Surfing 
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therefore readily available software for the analysis of 
SELDI data. Our cross validation analysis of cancer versus 
normal samples revealed a sensitivity and specificity of 80% 
and 79%, reapectivfljy, and of cancer versus benign disease, 
78* mul 63%, wapoetively. Thess nwults are In the range re- 
ported for mammography, but are lower than the rate* ob- 
tained in our study of prostate cancer. The explanation for 
this may bo « reflection of th» hetwrtigtmelty of breast cancer 
as demonstrated by the lack of a single blomarker present in 
the majority of tumors, as opposed to prostate-specific anti- 
gen in prostate cancer, Alternatively, the assumption that 
the Ideal chip surface and protocol for breast cancer is the 
same as that for prostate eancor may be Incorrect. 

In an attempt to Improve the otowlfi'wHon accuracy, a ran- 
domly selected subset of cancer and normal samples were sub- 
jected to 2 different chip chemistries, immobiUred copper and 
SAX, and the comhlned SBUII data aw*"** by th„ classifi- 
cation and regression trees algorithm. A» expected, sewral 
differences in the mm spectra were observed between the 2 
surfaces. By combining the daw Drum both chip chemist™*, 
the cross validation analysis revealed sensitivity and specifici- 
ty of 909^93%. Using a similar combinatorial approach also 
provided higher detection raws tor ovarian em«r In *»™ 
compared with the use of a single surface atonal 1 

Evaluation of the classifiers by croes-valldation analysis 
offers some degree of statistical confldenw* of the notontial of 
this approach as a breast cancer detection tool. However, the 
eample aise in this study decreases the validity of general- 
teed conclusions. It should thereto* be »iupha»«ed that 
complete evaluation of these classifiers will require testing 
Its prediction rates for larger blinded and Independent 
serum sets. Peak selection and analysis with U« DPS «ls» 
rithm are currently operator-dependent processes. More 
specifically, large numbers of decision trees have to be eval- 
uated based on cross-validation or tesKwt predict rate- 
by the operator. Besides the subjective factor involved, this 
process has the drawback of potentially overriding the das- 
eifier to the specific study set. Preselection of the mwi sig- 
nificant peaks by statistical approaches and automation of 
the algorithm are avenues for improvement that shouM be 
addressed in future studies. Indeed, improvement of Uw 
peak labeling process and optimization of the leanung algo- 
rithm is a major shortcoming for ell computational strate- 
giM currently used for protein-profutag approaches and es- 
sential for the development of robust classifiers. 

Furthermore, based on our experience with the applica- 
tion of protein profiling to the early detection of cancer, we 
believe that comparative analysis of different typei itf algo- 
rithm* will be of paramount importance to easesathe bbu> 
formatic features required for development of a **uet clas- 
sification system. The type of biotaformades •»**••' 
ploy** m the current study Is limited byj its ablli* ' tocom. 
- pare and contrast only 2 separate cohorts *muUaneouar/ 
Therefore, additional algorithms capable of ^^guialjng 
normal vemi* benign versus cancerous samples are being 
evaluated. This will also eventually allow the comparison of 
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Table 3 Prsdictic 

>n of Brm;sf Cnnrsr Us'mg Strong Anion 

k'scchmig 

e nnd Immobilized Coppt 

r Chip Surfaces 


Sensitivity 

Specificity 

Learning Set 

90% (27/30) 

967% (29/30) 

CroM-Yclktotlon 

90% (27/30) 

93.3% (28/30) 


forfonnvitco of thQ d*diion tn?Q pmdlrtlng breast cancer ustnfi 2 chfp 
surfaces. Number* in pgrenlhesei donate the number of correctly dronled 
sample* among the total number of sample* in the group. 

samplee from woman with other typtfs uf epithelial canooro 
and benign conditions from other organ sites. 

Conclusion 

SELDI time-of-flight analysis of serum samples is a novel, 
rapid, and reproducible technology. Identification of multiple 
differentially expressed proteins tn coirtbiimUvu with bioin- 
formatic software can generate classifiers separating normal 
from benign or cancerous diaease states with high sensitivity 
and specificity. However, the current study was u yik>t study 
and wee designed to determine the feasibility of generating 
differentiating protein profiles for breast cancer detection. A 
second study using larger sample wsas for each cohort b cur- 
rently under analysis. Future studies will include separation 
of specimens based on age and menstrual cycle; defining im- 
pact of comorbid conditions on protein profiles; distinction of 
profiles between breast cancer and other cancers; and finally, 
stratification of samples based on stage of disease. Oiuy after 
these important issues have been addressed and enough sam- 
ples in each category have been accrued can we then move to 
validation studies Involving multiple institutions. 

With advancement of this technology, many possibilities 
exist, such as discovery of novel biomarVers, earlier detec- 
tion of breast cancer (some of the samples analysed in this 
study were from ductal carcinoma in situ), refinement of the 
current staging system, better prognostication, tailored and 
individualized therapy, monitoring of disease response, and 
earlier detection of recurrence. However, the more immedi- 
ate goal is to offer a simple blood test to be used as an ad- 
junct to mammography^ not a replacement, for the earlier de- 
tection of breast cancer. 
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Kinetics of Serum Tumor Marker Concentrations 
and Usefulness in Clinical Monitoring 

Jean-Michel Bidart, 1 Francois Thuillier, 2 * Christine Augereau, 3 Jacqueline Chalas, 4 
Alain Daver, 5 Nelly Jacob, 6 Franchise Labrousse, 7 and H£l£ne Voitot 8 


Only a few markers have been instrumental in the diag- 
nosis of cancer. In contrast tumor markers play a critical 
role in the monitoring of patients. The patient's clinical 
status and response to treatment can be evaluated rapidly 
using the tumor marker half-life (t 1/2 ) and the tumor 
marker doubling time (DT). This report reviews the inter- 
est of determining these kinetic parameters for prostate- 
specific antigen, human chorionic gonadotropin, a-feto- 
protein, carcinoembryonic antigen, cancer antigen (CA) 
125, and CA 15-3. A rise in tumor markers (DT) is a 
yardstick with which benign diseases can be distin- 
guished from metastatic disease, and the DT can be used 
to assess the efficacy of treatments. A decline in the tumor 
marker concentration (t 1/2 ) is a predictor of possible resid- 
ual disease if the timing of blood sampling is soon after 
therapy. The discrepancies in results obtained by different 
groups may be attributable to the multiplicity of immuno- 
assays, the intrinsic characteristics of each marker (e.g., 
antigen specificity, molecular heterogeneity, and associ- 
ated forms), individual factors (e.g., nonspecific increases 
and renal and hepatic diseases) and methods used to 
calculate kinetics (e.g., exponential models and timing of 
blood sampling). This kinetic approach could be of inter- 
est to optimize patient management 
© 1999 American Association for Clinical Chemistry 
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Only a few markers have been instrumental in the diag- 
nosis of cancer; they include a-fetoprotein (AFP), 9 human 
chorionic gonadotropin (hCG), and calcitonin. Although 
the concentration of an isolated tumor marker before any 
treatment may have a prognostic value, they are not 
widely used in comparison to conventional prognostic 
factors. In contrast, rumor markers play a critical role in 
the monitoring of patients. However, recourse to tumor 
markers as a yardstick of treatment or to signal the 
emergence of a recurrence or a metastasis has been based 
only on a succession of values with no regard for knowl- 
edge of the exponential nature of tumor growth, which is 
a theoretical and practical basis of cancer therapy. In an 
economy-conscious environment in which cost-effective 
medicine is an overriding concern, physicians treating 
cancer patients need convenient, efficient methods to 
rapidly evaluate response to therapy and to offer alterna- 
tive treatment when appropriate (1-4). A challenging 
approach to rapid evaluation of clinical response and 
monitoring is the determination of tumor marker half -life 
(f 1/2 ) and tumor marker doubling time (DT), kinetic 
parameters associated with changes in marker concentra- 
tions. The f 1/2 is calculated according to the formula 
dt/\og(tmi/tm 2 ), where tm x and tm 2 are the tumor marker 
values at times 1 and 2, respectively, and dt the interval 
between the two dates. The DT is determined according to 
the interval required to double the serum concentration. 
This report reviews the interest of detenrrining kinetic 
parameters of the tumor markers that are the most rele- 
vant for the monitoring of patients. The main character- 
istics of prostate-specific antigen (PSA), hCG, AFP, carci- 
noembryonic antigen (CEA), cancer antigen (CA) 125, and 
CA 15-3, are presented in Table 1. 


9 Nonstandard abbreviations: AFP, a-fetoprotein; hCG, human chorionic 
gonadotropin; f 1/2 , half-life; DT, doubling time; PSA, prostate-specific antigen; 
CEA, carcinoembryonic antigen; CA, cancer antigen; BPH, benign prostatic 
hyperplasia; hCG|3, hCG /3 subunit; and NSGCTT, nonseminomatous germ- 
cell testicular tumor. 
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Dynamic Aspects of Tumor Markers 

PSA 

Serum PSA concentrations increase with age at a rate of 
0.04 /btg/L per year in healthy adult males (5). The rate at 
which PSA increases annually is between 0.07 and 0.27 
juLg/L in patients with benign prostatic hyperplasia (BPH), 
between 0.47 and 3.08 M-g/L for patients with localized 
cancers, and between 1.02 and 26.49 fxg/L for patients 
with metastatic disease (6 ). The serum PSA concentration 
is generally proportional to intra- and extracapsular 
growth of prostate carcinoma (7). A linear relationship 
has been reported between serum PSA and the size of 
prostate cancer (6, 8, 9). BPH provokes a rise of 0.3 /xg/L 
per gram of hyperplastic tissue, whereas a rise of 3.5 jug/L 
per gram is observed for tumor tissue (8). This relationship 
between tumor size and PSA production is not unanimously 
accepted. Brawer et al. (10) reported that the PSA^^ 
defined as the ratio between the serum PSA value and the 
tumor mass, is linked to the extent of the cancer but not 
correlated with the PSA concentration. The PSA concentra- 
tion is a biological yardstick distinguishing patients with 
BPH from patients with localized, loco-regional, or ad- 
vanced metastatic adenocarcinomas (5,11, 12), 

There is a clear relationship between the DT and the 
International Union against Cancer tumor-node-metasta- 
sis classification before any treatment (8). The DT appar- 
ently exceeds 48 months in stages T lr T^ and is less than 
24 months for stages T 3 and T 4 (8 ). This slow progression 
makes it possible to monitor therapy over 3- to 6-month 
periods. DT values vary from 73.9 to 98.9 years in controls 
and from 12.4 to 16.9 years in BPH patients (6 ). In patients 
with prostate cancer, the pattern is biphasic. The first 
phase is linear, with an identical DT for localized and 
metastatic disease (13.6-18.6 years), and the second phase 
is exponential, with a DT of 2.4 years for localized cancers 
and 1.8 years for metastasis. DT values must be deter- 
rnined before starting therapy because prostate tumors 
grow very slowly, particularly when the initial concentra- 
tion is low. The initial PSA concentration and DT should 
not be considered as isolated prognostic factors because 
their values are correlated with the tumor volume and 
grade (13). Carter and Pearson (14) focused their study on 
trends in PSA with age, gland volume (measurement of PSA 
density), and time (measurement of PSA velocity). These 
tools are used for the screening of adenomas and localized 
cancers and to assess tumor extension in conjunction with 
other variables (e.g., biopsy and Gleason score). 

Prostatectomy is appropriate for a tumor recurrence 
when the DT is <9 months. When the DT is >1 year, 
antiandrogenic treatment is more appropriate (15). 
Zagars and Pollack (12) used a percentage of decrease 
relative to pretreatment concentrations to decide whether 
additional therapy was required or not. Patients with 
stages B^ B 2 , and C prostate cancer whose DT is <3.8 
months require prompt surgery. Patients with a DT exceed- 
ing 3.8 months can be treated less aggressively (e.g., antian- 
drogens) (16). A DT attaining 12 months or less should be 


considered eligible for multimodal therapy, and a slow DT 
(5 years) eligible for watchful waiting without therapy (17). 
According to Pollack et al. (18), although a correlation exists 
between the PSA concentration, the DT, and the time to 
relapse, it is not considered judicious to select a particular 
course of treatment on the basis of the DT value given the 
large number of variables involved. 

Radical prostatectomy is indicated for a clinically lo- 
calized tumor, and the efficiency of the treatment is 
assessed by long-term monitoring. PSA is undetectable 
within 21 days after prostatectomy (19-21), at which 
point, any PSA concentration above the lower limit of 
detection signifies the presence of residual tumor. This 
argues in favor of using ultrasensitive assays. The PSA 
£ 1/2 , calculated with t 0 measured 2 days after prostatec- 
tomy, is close to 2.5 days and similar in several studies 
(21). In contrast, when the t 0 value is measured 5 min 
postoperatively, the f 1/2 value is equal to 1.5 days (21, 22). 
Calculating t 1/2 values helps distinguish patients in com- 
plete remission from those likely to develop a recurrence 
(£ 1/2 , 2.98 ± 1.33 days), although they have undetectable 
concentrations, and from patients in whom PSA will 
never return to the baseline value, van Straalen et al. (23) 
found a biphasic pattern for the disappearance of PSA 
after prostatectomy, with a first phase presenting a f 1/2 of 
1.6 days and a second phase with a t 1/2 of 4.6 days. The 
PSA concentration should therefore be measured at least 
30 days postoperatively. Even with a f 1/2 value of 1.6 
days, patients may be considered cured if PSA remains 
undetectable over 24 months postoperatively (24). The 
eUmination of free PSA also exhibits a biphasic kinetic 
profile (25,26). The t l/2 of free PSA [0.5-0.8 h in fast 
phase (first phase), 7-14 h in slow phase (second phase)] 
is shorter than that of total PSA, and the ratio between free 
and total PSA can be a useful tool (25). The elimination of 
PSA complexed to a^antichymotrypsin is nonexponen- 
tial, and free PSA released during surgery does not form 
complexes with aj-antichymotrypsin. Elimination of total 
PSA is a combination of these mechanisms (26). PSA 
concentrations are undetectable in patients 3 days after 
surgery for BPH (open surgery; t 1/2/ 0.55 ± 0.39 days), 28 
days after radical prostatectomy (t 1/2 , 2.5 ± 1.33 days for 
one compartment and 0.94 ± 0.8 days and 7.62 ± 6.35 
days for two compartments), and 21 days after radical 
cystectomy (f 1/2 , 1.92 ± 1.2 d for one compartment). For 
others, the PSA t 1/2 in BPH patients (1.4 days for free PSA; 
2.4 days for total PSA) is shorter than the PSA f 1/2 in 
cancer patients (2.1 days for free PSA; 3.4 days total PSA) 
(27). Cystoprostatectomy is a good model for a pharma- 
cokinetic study of PSA (28). Calculations of t 1/2 must take 
in account blood loss during surgery (29). Adjuvant 
radiotherapy increases the percentage of patients with 
undetectable PSA concentrations after prostatectomy 
(30,31). All patients with documented clinical recur- 
rences had previously displayed renewed PSA secretion 
during monitoring. It is therefore of interest to monitor slight 
variations in PSA. The PSA kinetic profile is a key to 
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differentiation between local and metastatic recurrences (i.e., 
biological recurrences) several months before clinical signs. 

In patients treated with radiotherapy alone, the use of 
PSA kinetics is controversial (32). The tumor marker f 1/2 
varies widely (11-275 days) among subjects (33) and is 
related to the activity of residual surviving cancer cells 
and to PSA-secreting cancer cells located outside the 
radiotherapy target volume. Fifty percent of biopsies 
performed 1 year after irradiation are PSA positive. Stage, 
grade, and pretreatment PSA concentrations are appar- 
ently not linked to PSA kinetics (34, 35). These observa- 
tions have been challenged by other authors 
(12,14,18, 32, 36). Remission has been associated with 
normalization of PSA between 6 months and 3 years and 
recurrence in the absence of normalization (37). A DT of 
<8 months may predict distant metastasis (32). 

In patients treated with hormonal therapy, the regula- 
tion of PSA synthesis is dependent on androgen activity. 
Hormonal therapy thus can modify PSA secretion. The 
androgen suppression syndrome, corresponding to in- 
creased PSA induced by nonsteroid antiandrogens is 
infrequent; consequently, monitoring of PSA is widely 
used in hormone therapy. After a treatment failure, the 
DT may be used for individual patients requiring andro- 
gen therapy (17). A decrease in PSA, measured at 3 and 6 
months, is a prognostic indicator correlated with survival. 
After 6 months of treatment, it is possible to separate 
subjects who are not responders from those who are 
(38, 39). However, —10% of nonresponders do not display 
an increase in PSA. Furthermore, the absence of a biolog- 
ical response revealed by the PSA concentration preceded 
clinical unresponsiveness by 6-12 months, over a mean 
evolution of 20 months. 

hCG AND AFP 

In gestational trophoblastic diseases, measurement of 
both the hCG concentration and the rate at which it 
decreases after surgery and /or chemotherapy have been 
demonstrated as essential for the management of patients. 
After evacuation of a molar pregnancy, the hCG concen- 
tration should be monitored every week until normaliza- 
tion and then every month during the first year. The 
disappearance of hCG is usually achieved within 8 weeks 
in -40% of patients, within 9 to 22 weeks in -55% of 
cases, and in >22 weeks in 5% of patients. In some cases, 
hCG concentrations remain stable or increase, suggesting 
the presence of persistent evolutive trophoblastic disease 
(molar retention, invasive mole, or choriocarcinoma). 
hCG regression curves have been used in several studies 
for early recognition of persistent disease in patients. 
Several reports propose normal regression corridors that 
allow the detection of 85-90% of patients with persistent 
disease within 4-6 weeks (40, 41). Similarly, patients are 
identified within 8 weeks based on regression curves 
established from data including those of patients with a 
temporary hCG plateau. Yedema et al. (42) attempted to 
identify patients with persistent trophoblastic disease, 


based on a normal hCG regression curve constructed by 
fitting data from 130 patients with a hydatidiform mole 
with uneventful hCG regression. A biexponential regres- 
sion model indicates two median hCG t 1/2 of 1.8 and 12.8 
days. Using the 95th percentile limit, Yedema et al. (42 ) 
identified >90% of the 77 patients with persistent disease 
within 14 weeks and >50% within 6 weeks. Special 
attention must be paid to the 5% of disease-free patients 
who continue to have increased hCG concentrations 22-25 
weeks after evacuation and to those who have persistent 
trophoblastic disease after initially spontaneous hCG re- 
gression to the reference value. 

Patients who develop high-risk metastatic trophoblas- 
tic disease require intensive chemotherapy. These patients 
present one or several of the following factors: a pretreat- 
ment serum hCG concentration >40 000 IU/L, a diagnosis 
of choriocarcinoma, a history of a nonmolar pregnancy, 
metastases, and resistance to chemotherapy (43). The 
ratio of free hCG )3 subunit (hCG)3) to total hCG)3 (free 
hCG/3 + hCG) is often higher in these patients than in 
patients with a hydatidiform mole or low-risk disease. 
During the first week of chemotherapy, marker values 
generally increase initially because of the destruction of 
rumor cells. Remission is achieved when marker concen- 
trations are undetectable. Both hCG and hCG/3 detection 
tests are among the most sensitive assays because they are 
capable of detecting 10 4 cancer cells. However, a recurrent 
rumor may arise from this small number of cells. Treat- 
ment must, therefore, be continued after the normaliza- 
tion of both hCG and hCG)3. Prolonged decay of either 
hCG or free hCG)3 identifies patients who are unlikely to 
achieve a complete remission or long-term survival and 
indicates that additional chemotherapy or a switch to a 
different chemotherapy regimen is required (44). 

hCG, free hCGj3, and AFP are also the most useful 
markers for the diagnosis, prognosis, and monitoring of 
patients with testicular germ-cell tumors such as chorio- 
carcinoma, embryonal carcinoma, and teratocarcinoma. 
Tumors may be located within the gonads or, on rare 
occasions, extragonadal. In nonseminomatous germ-cell 
testicular tumor (NSGCTT), increased concentrations of 
hCG and free hCGj3 were found in -60% and in 40-70% 
of cases, respectively (45). Combining the three markers 
makes it possible to detect —90% of patients with NS- 
GCTT. hCG is of less interest as a marker in seminoma 
because it is increased in only —16% of patients; serum 
values are generally <200 IU/L. Values exceeding 5000 
IU/L indicate the presence of NSGCTT. Interestingly, 
20-50% and 9-17% of patients with seminoma have 
increased free hCG)3 and hCG a subunit, respectively. The 
prognostic value of both the hCG concentration before 
chemotherapy and its t 1/2 has been widely investigated, 
with the aim of identifying the 20-30% of patients with 
NSGCTT who fail to respond to therapy (46-48). Several 
reports have indicated that the kinetics of both hCG and 
AFP are good indicators of patients likely to be refractory 
to treatment (49, 50), whereas others conclude that the 
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analysis of tumor marker values cannot be used to predict 
who is at a higher risk or to tailor treatment accordingly 
(48,51). In fact, the tumor marker concentration before 
therapy appears to be a stronger predictor of treatment 
failure than marker f 1/2 (52). Furthermore, after orchidec- 
tomy, patients with increased AFP relapse more fre- 
quently than patients with increased hCG (53). 

Currently, no firm conclusions can be drawn about the 
usefulness of markers for identifying poor risk patients. A 
major explanation for the discrepancies between the con- 
clusions of the different studies is the methodology used. 
For example, unpredictable transient rises in hCG/hCGj3 
concentrations after chemotherapy may occur as a result 
of tumor lysis with a subsequent release of a given 
marker; consequently, comparisons of f 1/2 calculated from 
marker values before treatment and after the second cycle 
of chemotherapy are often unreliable. In a retrospective 
study, Toner et al. (54) showed that a prolonged marker 
h/2 (>7 days for AFP; >3 days for hCG) is a reliable 
indicator of residual tumor and a significant predictor of 
survival. In contrast to other studies, Toner et al. (54) 
determined the £ 1/2 of each marker from the first two values 
measured within 3 months after the start of the treatment. 
Although markers were not measured systematically during 
initial treatment, this study provides a more reliable method 
for the use of serial measurements of markers in the man- 
agement of patients with germ-cell tumors. Studies on AFP 
also confirm that the analytic strategy is crucial in attempts 
to improve the sensitivity of tests based on marker f 1/2 . This 
critical point will be discussed later. 

AFP is also used as a marker for both the diagnosis and 
monitoring of patients suffering from hepatocellular car- 
cinoma (55). Measurement of AFP is used to assess the 
completeness of surgical resection and response to ther- 
apy or recurrences. Hepatocellular carcinoma frequently 
recurs after surgery; with serial determination of serum 
AFP, such recurrences could be detected at least 3 and up 
to 18 months before the onset of symptoms. The interval 
between surgery and recurrence correlates with the AFP 
DT. A decrease in serum AFP indicates clinical response 
to chemotherapy; if DT does not decrease, serial measure- 
ment obviates prolonged ineffective therapy. However, a 
negative value does not exclude the presence of subclin- 
ical disease (56). An increase in serum AFP signifies that 
chemotherapy should be changed (57). Finally, measur- 
ing the ti /2 of serum AFP has been useful for the man- 
agement of patients with malignant germ-cell tumors of 
the ovary (58) and children presenting with teratoma, 
endodermal sinus tumor, or hepatoblastoma (59, 60). 

CEA 

CEA is the only useful marker for monitoring colorectal 
cancer (61 ). For >25 years now, sequential CEA measure- 
ments have been used to monitor the response of colorec- 
tal cancer to surgery (62-64). Serial measurements of 
serum CEA, instead of a single determination, are recom- 
mended for the detection of recurrences in colon cancer 


(65, 66). The NIH Consensus Conference in 1981 empha- 
sized that serial CEA determination, not a single determi- 
nation, should be mandatory in clinical decision-making 
(67). In Dukes stage A disease, which rarely recurs, CEA 
monitoring is not justified for monitoring purposes. Fol- 
low-up of CEA is recommended, however, for patients 
with Dukes B and C adenocarcinoma (68). Recurrent 
disease occurs within 30 months and at a median time of 
17 months in most patients. It rarely occurs after 5 years 
(69). The postoperative CEA concentration is a significant 
prognostic factor for survival. When tumor resection is 
complete, the postoperative CEA value decreases to 2.5 
fig/L or less within the first month (65). When the 
postoperative CEA concentration falls to <5 fxg/L, only 
18% of patients will relapse. In contrast, recurrent disease 
occurs in 63% of the patients when the CEA concentration 
remains above 10 ju-g/L (70). The median lead time from 
increase in marker concentration to clinical recurrence is 
from 3 to 8 months (71). The sensitivity of postoperative 
CEA measurements varies according to the site of recur- 
rence. The CEA test is inappropriate for the early diagno- 
sis of localized recurrence (72). CEA kinetics permit 
differentiation between local and metastatic liver recur- 
rences, with mean slope values attaining, respectively, 
0.17 and 2.2 ju,g/L in 10 days (66). Calculating the CEA 
ascending slope in a computerized surveillance program 
has been shown to differentiate types of recurrent tumor 
(66). Slope analysis has been used to predict the site of 
recurrence and to plan second-look surgery. Different 
decision rules have been proposed on the basis of the 
evolution of the CEA concentration (73, 74). When Den- 
stman et al. (75) compared various rules, they concluded 
that steadily rising concentrations (>12% per month) 
clearly indicated tumor recurrence. A linear relationship 
between log CEA and time exists during the logarithmic 
growth phase of recurrent tumors. This relationship is 
expressed by the DT, which varies according to the site of 
the metastatic lesions. The DT can be used to assess the 
efficacy of various treatments (76, 77) and is particularly 
correlated with the duration of survival (78). Monthly 
CEA measurements during the first 3 years and then at 
3-month intervals for 2 years are, therefore, recommended 
for postoperative monitoring (69). 

The calculated t r/2 should be an earlier predictor than 
analysis of the CEA ascending slope. After complete 
surgical resection and in the absence of recurrent disease, 
CEA concentrations decrease exponentially to reference 
values, with a t 1/2 of ~5 days. In patients with a recur- 
rence, a dissociation from the theoretical line of the t J/2 is 
observed before the CEA concentration decreases to the 
reference interval (79). 

Postoperative chemotherapy and particularly combi- 
nation fluorouracil-levamisole may be effective for meta- 
static tumors (80). CEA appears to be a practical index 
and a criterion for evaluating the efficacy of treatment. A 
20% decrease in the CEA concentration is considered a 
positive response to treatment, conferring a substantial 
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improvement of survival (81, 82). The efficacy of regional 
chemotherapy has been assessed in patients with nonre- 
sectable liver metastasis from colorectal cancer: because 
CEA concentrations may vary considerably between pa- 
tients, an individual reference value is first established as 
the arithmetical mean of serial CEA values during the first 
three courses of chemotherapy. The efficacy of the che- 
motherapy regimen is indicated by a decrease in the CEA 
curve to below the individual reference value (83). In 
recurrent or nonresectable colorectal cancer, different 
indices, devised with serum CEA fluctuations over time, 
are helpful in assessing and comparing the effects of 
various treatments, especially the CEA DT ratio when the 
CEA DT is modified (84). For the management of patients 
with hepatic metastases from colorectal cancer, measure- 
ment of CEA is mandatory before and after surgery to 
appreciate whether the resection was curative. Furthermore, 
postoperative CEA concentrations are among the criteria 
used to stratify patients for adjuvant treatment (85). 

Serial measurements of CEA provide a practical tool 
for patients undergoing chemotherapy for advanced colo- 
rectal cancer. However, scaririing techniques are required 
to confirm the response suggested by any change in 
marker expression (86). 

CA 125 

CA 125 is a useful marker for epithelial ovarian tumors 
(87, 88). The preoperative serum CA 125 concentration is 
correlated with the tumor burden and stage, but its 
prognostic significance is controversial (89, 90). The post- 
operative concentration is highly correlated with the 
residual tumor mass (89) and has a significant value that 
is predictive for survival (91 ). It must be determined at 
least 3 weeks after surgery because CA 125 is released 
when the abdominal cavity is opened (92,93). Disease 
progression occurs in 61% of patients presenting with 
increased CA 125 concentrations before chemotherapy 
and in only 33% patients with values <35 kilounits/L 
(94). After the first course of chemotherapy, the predictive 
value of the CA 125 concentration for disease-free sur- 
vival is highly significant (95). 

During chemotherapy, changes in CA 125 concentra- 
tions correlate with the evolution of the disease. The 
median time to normalization is 1.5 months in patients 
having attained a complete remission and 4 months in 
patients having achieved partial remission (96). Increased 
CA 125 concentrations precede clinical detection of dis- 
ease and are always associated with tumor progression, as 
substantiated by second-look surgery. However, in pa- 
tients with normalized CA 125 concentrations, second- 
look surgery is still necessary because a CA 125 concentra- 
tion within the reference interval does not exclude tumor. 
More than 40% of the patients with a serum CA 125 
concentration within the reference interval still have micro- 
scopic or macroscopic tumor at second-look surgery (87). 

The prognostic value of the f 1/2 of CA 125 has been 
analyzed during induction therapy to identify high-risk 


patients. In patients with stage I and stage II disease 
whose tumor had been completely resected, the marker 
h/i varied from 5.1 to 12 days in different studies (96- 
101). The greatest difference in progression rate was 
found at a f 1/2 of 20 days. The median times to progres- 
sion were 43-50 months and 11-23 months in stage I and 
stage II disease, respectively (94). Patients with a marker 
h/2 < 20 days have a good prognosis, those with a marker 
t 1/2 from 20 to 40 days have an intermediate prognosis, 
and those with a marker f 1/2 >40 days have a poor 
prognosis, with actuarial survival at 2 years attaining 
76%, 48%, and 0%, respectively (102, 103). The CA 125 f 1/2 
is the most valuable prognostic factor for survival and for 
the probability of achieving a complete remission in stage 
IEE or IV ovarian cancer responding to initial chemother- 
apy (104). The £ 1/2 of CA 125 during early chemotherapy 
is an independent prognostic factor for achieving a com- 
plete response and for survival (91 ). Evaluating the time 
required for normalization of CA 125 has also been 
proposed. A final model including the tumor size, perfor- 
mance status, and the time to normalization of CA 125 
permits an accurate prediction of the prognosis (105). 

Additional monitoring of declining CA 125 concentra- 
tions is based on the exponential regression curve pro- 
posed by Buller et al. (99), calculated as serum CA 125 = 

e [i - s(days after surgery)]^ where { ig ^ mtercept 

reflects the initial tumor burden, and s the slope of the 
regression curve, with s being dependent on the extent of 
cytoreductive surgery and on response to chemotherapy. 
In patients whose tumors had been completely removed, 
the marker f 1/2 was 10.4 days (99). Comparing patients 
results with those obtained by this model permits an 
evaluation of treatment efficacy. Divergence from the 
ideal regression curve can be determined within 30 to 60 
days of initial surgery and always leads to treatment 
failure. Therapy can, therefore, be modified without wait- 
ing for second-look findings. Comparison with the model 
also predicts the presence of residual disease, the risk of 
recurrence, and overall survival (106, 107). After compar- 
ing these two exponential regression models, Yedema et 
al. (200) showed that survival correlates better with the 
t l/2 calculated according to Buller et al. (99) than accord- 
ing to van der Burg et al. (94). The CA 125 exponential 
regression curve was the most important prognostic fac- 
tor for actuarial survival when analyzed with age, disease 
stage, grade, the intensity of chemotherapy, and residual 
disease in the Cox model. With the proportional hazard 
model, the disease stage was the most predictive variable 
for survival, and the CA 125 f 1/2 calculated according to 
Buller et al. (99) was the only additional prognostic factor 
for survival in stage III-IV patients early during the course 
of therapy (100). During salvage treatment with Taxol, the 
regression rate did not correlate with the progression-free 
interval or survival (108). 

Rustin et al. (109) selected a specific percentage of 
decrease in the CA 125 concentration during chemother- 
apy as evidence for response to treatment. In a large 
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retrospective trial, two response rates were defined ac- 
cording to a reduction of either 50% or 75% in the serum 
CA 125 concentration from baseline. Three or four CA 125 
measurements were required at the end of each cycle of 
chemotherapy to determine the response rates, the last 
sample being at least 28 days after the previous sample. 
The definitions proposed were based on 117 patients in a 
first trial and further tested on several hundred patients. 
The results showed better correlation with reduction of 
lesions in the patients than WHO, Eastern Cooperative 
Oncology Group, or Gynecologic Oncology Group criteria 
and were proposed for use in addition to or as replace- 
ments for these criteria. A few studies have been devoted 
to the CA 125 DT at relapse of ovarian cancer. There is no 
relationship between the f 1/2 / DT, and survival, but the 
log cell kill, estimated by combining the marker t 1/2 and 
DT, was correlated with individual survival (96). 
Riedinger et al. (110) studied the prognostic significance 
of the initial f 1/2 of CA 125 measured during first-line 
chemotherapy in 62 patients with epithelial stages HI and 
IV ovarian cancer. The results showed a strong correlation 
between the t l/2 and the DT, the slope representing initial 
CA 125 regression and disease-free survival as well as 
overall survival. The initial f 1/2 , measured during the first 
cycles of first-line chemotherapy, appeared to be a critical 
predictor of response to therapy. 

ca 15-3 

When breast cancer patients are monitored by serum CA 
15-3 concentration, the serum antigen profile in each 
patient is the criterion during follow-up most indicative of 
recurrent disease and of response to various treatments. 
And yet, a third of breast cancer patients with metastasis 
have CA 15-3 concentrations within the reference interval 
(111). The use of CA 15-3 kinetic parameters was pro- 
posed in patients at high risk of relapse: an increase in the 
tumor marker should be considered an early indicator of 
relapse. After radical resection of tumor, CA 15-3 exhibits 
substantial variation at abnormal concentrations (112). 
CA 15-3 does not have a negative predictive value. The 
evolution during follow-up is based on the ratio of two 
serial CA 15-3 measurements over 1 month (113). CA 15-3 
is informative and biologically significant in a few cases if 
the variation between the preoperative determination and 
the determination 30 days after surgery is higher than 
threefold the analytical variation of the assay, even if 
values fall short of the cutoff. Both cutoff-based and 
dynamic criteria are used during the monitoring of breast 
cancer patients to detect early metastasis and even to 
assess the cure of relapses (114). However, a clinical 
benefit has not been established, although an increasing 
CA 15-3 concentration can be considered synonymous 
with recurrence after primary treatment (61). 

DISCUSSION 

Measuring tumor marker kinetics may be a useful way of 
improving the efficacy of cancer treatment, but at present 


there is no consensus as to the usefulness of determining 
marker dynamics during the monitoring of patients. In- 
deed, as illustrated by this review devoted to the main 
tumor markers used, the conclusions of distinct studies 
addressing the interest of measuring kinetics of a partic- 
ular marker in a given cancer are frequently at variance. 
The discrepancies in comparisons of the dynamic results 
obtained by different groups may be attributable to sev- 
eral factors, including (a) the methodological approaches 
used to measure markers, which are often dependent on 
the nature and structure of tumor markers; (b) individual 
factors such as the pathophysiological state of the patient 
or the treatment regimen; and (c) the methods used to 
calculate kinetics and the interpretation of data. 

Nature and Structure of Tumor Markers 

During the last decade, invaluable efforts have been used 
to enhance the sensitivity and specificity of detection with 
tumor markers. Markers are now measured by immuno- 
chemical methods, most often based on the classic "two- 
site" sandwich immunoassay procedure. Its characteris- 
tics, particularly the affinity and the specificity of the 
monoclonal or polyclonal antibodies used, play a critical 
role in the design of the assay. Antibodies are usually 
selected for their high affinity to ensure better sensitivity 
in the immunoassay. Specificity is contingent on more 
selective recognition of the antigen structure by the anti- 
body on the tumor marker molecule. Indeed, antigen 
proteins have several distinct antigenic determinants or 
epitopes protruding from their surface. The number of 
epitopes is roughly related to the molecular size of the 
protein. Extensive immunochemical analysis of protein 
antigens is a mammoth task, and only a few immuno- 
chemical maps of tumor markers have in fact been raised. 
These observations partly explain why two separate kits 
measuring the same molecule can yield different results. 
This is particularly true for the detection of hCG and PSA, 
for which —40 commercial tests are currently available. 
Furthermore, the heterogeneous "faces" of tumor markers 
complicates the interpretation of data. Indeed, these mol- 
ecules can exist in biological fluids as several entities, 
including subunits (hCG), associated forms (PSA), and 
degradation products (Table 1). There may also be varia- 
tions in both their peptidic and carbohydrate structures 
that are attributable to either physiological or tumor 
processes. This has been particularly investigated for 
hCG-related molecules (45). The structure of hCG is close 
to that of lutropin, which is detectable in healthy individ- 
uals. Not only must detection of hCG be specific in regard 
to potential cross-reactivity with lutropin (i.e., epitopic 
specificity), but tumors are capable of secreting various 
hCG-related molecules [free hCG)3, free hCG a subunit, 
and j3-core fragment; for a review, see Ref. (45)}, the 
clinical significance of which differs according to the 
tumor histologic type (i.e., structural specificity). In testic- 
ular and placental tumors, for example, should we ana- 
lyze the rate at which either hCG or hCG/3 declines or 
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both? PSA circulates in both a protein-linked form and as 
free PSA. The kinetics of PSA analyzed by methods 
measuring total PSA may differ from those measured by 
free-PSA assays. This question must be addressed because 
specific measurement of free PSA is now available (115). 
Furthermore, part of the PSA is totally masked on the 
complex and is not accessible to the detection capacity of 
the kits currently available (116). Changes in the only 
carbohydrate chain of AFP have also been described in 
patients with cancer, compared with that present on 
normal fetal AFP (227). Some immunoassays bind differ- 
ently to the two AFP molecules (118). Pitfalls in the 
interpretation of the kinetics of CA markers are probably 
more related to their structural heterogeneity than to 
epitope specificity. Indeed, these markers are defined on 
the basis of their recognition by specific antibodies and 
their structure, i.e., the structure of the molecule bearing 
the "CA" determinant, which still remains unknown. 
These determinants are often large heterogeneous mucin- 
like molecules that vary in size according to the patho- 
physiological state of the individual. Thus, although im- 
munoassays are comparable in terms of epitope 
specificity, the determination of kinetic parameters may 
be affected by changes in the structure of the CA-bearing 
molecule during the course of treatment. Improving the 
comparability of immunoassays, particularly those used 
to measure tumor markers, remains a challenge for the 
future. Through undaunted efforts, international societies 
have given concrete expression to better characterization 
of antibodies (229, 220). 

Individual Factors 

Individual factors such as the pathophysiological state of 
the patient or the treatment regimen may also affect the 
measurement and interpretation of marker kinetics. Dur- 
ing the monitoring of neoplastic disease, nonspecific 
increases in tumor marker concentrations can be caused 
by a variety of benign pathologies (121-124). Inflamma- 
tory diseases are frequently the cause of nonspecific 
increases in the so-called CA markers. Tumor markers 
often increase after surgery because of a serous response. 
In contrast, a false decrease in tumor markers may be 
attributable to procedures leading to hemodilution (e.g., 
parenteral nutrition and blood transfusion). An increase 
in serum AFP may occur in cases of hepatic regeneration 
(56). Kinetics may also be transiently affected by renal 
and hepatic diseases, because these tissues are involved in 
the metabolism of markers (225, 226), and by the aging 
process (227). Furthermore, tumor recurrences and me- 
tastasis may exhibit patterns of marker secretion that are 
different from that of primary tumors. This factor should 
be taken into account when interpreting the DT. Aggres- 
sive chemotherapy and radiotherapy may provoke mas- 
sive destruction of cancer cells, leading to a transient 
increase in serum markers that should not be interpreted 
as the tumor escaping eradication via chemoresistance. 
Some therapies stimulate synthesis (128). Increased CEA 


synthesis has been observed during interferon treatment 
(229). PSA is controlled by androgens and gonadotropin- 
releasing hormone (230). The potential effects on tumor 
marker concentrations of conventional drug therapy used 
to treat benign diseases in cancer patients remain to be 
established. Taxol is suspected of modifying CA 125 
synthesis in ovarian cancer (232). Finally, anti-species 
human immunoglobulins, particularly anti-mouse anti- 
bodies, are encountered in some patients (232, 233). Hu- 
man anti-mouse antibodies are sometimes observed in 
patients who have been submitted to immunoscintigra- 
phy for the detection of recurrences. Human anti-mouse 
antibodies, autoantibodies, anti-idiotypic antibodies, and 
rheumatoid factor may generate false-positive results and, 
thus, interfere with marker dynamics. 

Surgical intervention itself may amplify the shedding 
of markers into the circulation and therefore generate 
false-positive results. After abdominal surgery, CA 125 
increases through tumor handling and peritoneal dam- 
age. During surgical intervention, the rupture of natural 
barriers facilitates the transfer of CA 125 into blood. 
Increases have been observed in postoperative CA 125 
concentrations in malignant and benign diseases of the 
ovary as well as in diseases of the gastrointestinal tract. 
Consequently, caution should be exercised when inter- 
preting CA 125 concentrations after abdominal surgery, 
and especially in patients whose pretreatment CA 125 
concentrations were within the reference interval or mod- 
erately increased (93). 

Marker Determination Methods and the 
Analysis of Kinetics 

The t l/2 or DT of a marker can be calculated after repeated 
measurements only if the tumor marker is determined 
with the same method to avoid analytical variations 
attributable to different kits. Discrepancies between the 
conclusions of clinical studies may also be related to the 
methods used to evaluate kinetic parameters. Although 
tumor growth is exponential, most graphic representa- 
tions are rarely based on logarithmic units. Logarithmic 
representation eliminates nonspecific variations. Further- 
more, kinetics can be represented as a unique parameter, 
with the slope depicting either the f 1/2 or the DT. This 
parameter is a characteristic of the behavior of tumor 
growth. It could be included in a Kaplan-Meier model or 
any other suitable model to evaluate the efficacy of 
therapy during the monitoring of patients. Studies com- 
paring two models, based on either linear or exponential 
regression, showed that the exponential model correlates 
better with clinical factors (99, 207). However, for many 
authors (222, 234, 235), there is no difference in the math- 
ematical methods used to determine kinetic parameters. 

In fact, the number of sequential measurements, the 
timing, and the interval between the measurements are 
probably the main source of variation in the establishment 
of kinetic factors. For example, a comparison of kinetics 
that were calculated after chemotherapy using either the 
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presurgery or prechemotherapy concentrations as the 
baseline value and either the first normalized concentra- 
tion as the second value or all of the data available 
indicated that the exponential regression model including 
the presurgery and all other values correlated better with 
overall survival (100). The timing of blood sampling is 
also critical, and it should be scrupulously respected. The 
marker concentration before treatment may have a prog- 
nostic significance, but this value should not be consid- 
ered as the baseline value, i.e., the origin of the slope of 
the regression curve. Indeed, several factors contribute to 
the fluctuation of tumor marker concentrations between 
diagnosis and the beginning of treatment. As noted pre- 
viously, chemotherapy as well as surgery induces either 
cytolysis and transient marker secretion or a reduction in 
the tumor volume. Thus, the kinetics of markers in 
patients treated with the same protocol may be particu- 
larly difficult to interpret (92, 136). For example, kinetics 
during the monitoring of breast cancer show three distinct 
patterns: tumor regression, rumor progression followed 
by tumor regression, and tumor regression followed by 
resistance to therapy with major tumor progression. Ki- 
netics evaluated immediately after treatment should not 
be used (137). The first sample, which could be consid- 
ered a legitimate value for the origin of the slope of the 
elimination curve, should be obtained after surgical exci- 
sion or after induction chemotherapy. Other sequential 
samples can be collected following a sequence that will 
depend on the t l/2 of the marker. As described previously 
for the measurement of PSA after radical prostatectomy 
(21 ), if the t 0 value is measured 5 min after surgery, the 
PSA concentration will be higher and the f 1/2 shorter than 
if the f 0 is measured 2 days after surgery. Many authors 
do not agree with sampling 5 min after surgery (138). 

In conclusion, several questions and issues need to be 
addressed when applying dynamic evaluation of markers 
to the monitoring of patients, particularly the method 
used to calculate the kinetics and the choice of the data 
to be included in the mathematical model. However, 
using tumor kinetics appears to be a more rational way of 
using tumor markers than the common cutoff point. 
Indeed, the determination of the f 1/2 and DT often pro- 
vides the most relevant predictive factors for the estima- 
tion of disease-free and overall survival, treatment effi- 
cacy, and for the decision regarding optimal treatment 
and cost-effectiveness in terms of toxicity and patient 
benefit. This approach could be a way to optimize patient 
management by limiting ineffective treatment and, con- 
sequently, the clinical costs of what may be pointless 
therapies once these dynamic data have clarified the 
clinical picture (139). 
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ABSTRACT 

A two-step sandwich enzyme immunoassay (ETA) system 
for the detection of human membrane Type 1 -matrix 
metalloproleinase (MTI-MMP) was established by using 
two monoclonal antibodies against recombinant MT1- 
MMP. MT1-MMP in which samples were reacted with solid- 
phase antibody and then detected with peroxidase-Iabeled 
second antibody. At least 1.25ng/mL was detected by the 
EI A system, and linearity was obtained between 1.25 and 
160ng/mL. This EFA system is specific for MT1-MMP and 
did not show cross-reactivity against several other MMP's 
examined. Shedding of soluble MT1-MMP into the medium 
by some cancer cell lines was also detected by this system. 
However, soluble MT1-MMP in serum from normal and 
cancer patients was under the detection limit. Membrane- 
associated MTi-MMP of cancer cell lines was also detected 
after solubilization of the membranes with extraction buffer 
containing detergent. Additionally, MTI-MMP in clinical 
samples was examined. Elevated levels of MTI-MMP were 
detected in homogenate of cancer tissue compared with the 
levels for normal tissue and the level of MTI-MMP in tumors 
correlated with the rate of metastasis to the regional lymph 
nodes. Thus, we demonstrated that this EIA system is the first 
to measure MTI-MMP in clinical specimens, thus suggesting 
its useful for diagnosis of cancer or prediction of malignancy. 


INTRODUCTION 

Matrix metalloproteinases (MMPs) are zinc-dependent endopepti- 
dases that degrade the extracellular matrix (ECM) and contribute to both 
physiological and pathological connective tissue remodeling.(l) In the MMP 
family, some members are soluble enzymes secreted into tissue cavities, but 
others are anchored to the plasma membrane by having either a transmem- 
brane domain or a signal for glycosylphosphatidylinositol (GPI) anchoring 
at their C-terminus.(8) To date, six MMP members are known as mem- 
brane-type MMPs (MT-MMPs).(2-7) Most of the soluble MMPs are 
secreted as a latent form (proMMPs) and activated through proteolytic 
processing by serine proteinases including trypsin, plasmin, plasma kallik- 
rein, and neutrophil elastase.(9) However, proMMP-2 (pro-gelatinase A), 
which has been implicated in the through invasion of the basement 
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membrane by malignant tumors, cannot be activated by these serine protei- 
nases, but is activated by the MTI-MMP that is frequently expressed in 

y . (eia) system cancer celis.(9-l 1) It is known that expression levels of MTI-MMP correlaLe 

Type 1 -matrix with the activation of proMMP-2 in cancer tissue.(12) In addition, since 

ished by using MTI-MMP has the ability to digest ECM components such as collagen, 

mbinant MT1- fibronectin, vitronectin, and cartilage proteoglycan, it is presumed to play a 

acted with solid- key role in tumor invasion.(13 -15) 

roxidase-Iabeled MTI-MMP localizes on the surface of invasive tumor cells, especially 

detected by the on invadopodia as an integral membrane protein.(16) However, some frac- 

:tween 1.25 and tion of MTI-MMP may be released from the cell surface, as demonstrated 

MTI-MMP and L-\ with a human breast carcinoma cell line, MDA-MB-231, which sheds MT1- 

il other MMFs W- MMP into the culture medium upon treatment with concanavalin A 

nto the medium t : (Con A).(17,18) Tf MTI-MMP, localized on the cancer cell surface, is pro- 

by this system. cessed and shed into the circulation, it would be a marker for malignancy of 

Dm normal and tumors. MTI-MMP shed from tumor cells may be a target for enzyme 

:nit. Membrane- immunoassay (EIA), like other soluble MMPs.(19-26) In addition, meas- 

/as also detected urement of MTI-MMP levels in tumor tissue may also help to establish a 

extraction buffer prognosis. However, a quantitative and sensitive method to measure soluble 

4MP in clinical and membrane-bound MTI-MMP has not been available. 

4T1-MMP were In the present study, we developed monoclonal antibodies against 

mpared with the l : V MTI-MMP and used them to establish a two-step sandwich EIA system 

MMP in tumors \\: for detection of spontaneously solubilized MTI-MMP and extracted MT1- 

; regional lymph MMP from cells and tissues. The system was applied for determination of 

system is the first MTI-MMP in culture media, cells in culture, sera, and tumor tissue homo- 

, thus suggesting genates in order to evaluate the correlation between MTI-MMP production 

n of malignancy. and metastatic ability of cancers. 


EXPERIMENTAL 


c-dependent endopepti- 
and contribute to both 
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Materials 

The following materials were obtained commercially: bovine serum 
albumin (BSA, Fraction V) from Sigma Chem. Co. (St. Louis, MO, 
USA); horseradish peroxidase (HRP, grade I) from Roche Diagnostics, 
GmbH (Mannheim, Germany); MonoAb-ID EIA kit from Zymed Lab., 
Inc. (San Francisco, CA, USA); PD-10, chelating Sepharose FF, CNBr- 
activated Sepharose 4B, and Sephacryl S-300HR from Amersham 
Pharmacia Biotech UK Ltd. (Buckinghamshire, UK); Ultrogel AcA 44 
from LKB (Villeneuve-la-Garenne, France); protein A-Cellulofine from 
Seikagaku Corp. (Tokyo, Japan); UK- 10 membrane filters from Advantec 
(Tokyo, Japan); nitrocellulose filters (Trans-Blot transfer medium, 0.45 m) 
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and prestained sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) standards (low range) from Bio-Rad Lab. (Richmond, CA ? 
USA); 1 x 8-wells Micro Well Module in frame from Nunc (Roskilde, 
Denmark); fetal bovine serum (FBS) from JRH Bioscience, (Lenexa, 
KS, USA); Dulbecco's modified Eagle medium (DMEM) from Nissui 
Pharmaceutical Co., Ltd. (Tokyo, Japan); skim milk from Difco Labora- 
tories (Detroit, MI, USA); Af-(6-maleimidocaproyloxy) succinimide (EMCS) 
and 3,3'-diaminobenzidine (DAB) from Dojindo Laboratories (Kumamoto, 
Japan); S-acetylmercaptosuccinic anhydride from Aldrich Chem. Co. 
(Milwaukee, WI, USA); 2-mercaptoethanol, SDS, and Tween 20 from 
Nacalai Tesque, Inc. (Kyoto, Japan); 3,3 r ,5,5'-tetramethylbenzidine (TMB) 
solution from Calbiochem (La Jolla, CA ? USA); dotMatric protein assay kit 
from Geno Technology, Inc. (St. Louis, MO, USA); BCA protein assay kit 
from Pierce (Rockford, 1L, USA): pTrcHis from Invitrogen (Carlsbad, CA, 
USA); Con A, isopropyl-D-thiogalacto-pyranoside (IPTG), and other 
chemicals from Wako Pure Chem. Ind., Ltd. (Osaka, Japan). 

MMP-1, -2, -3, -7, -8, -9, -13, -19 and -20 were purified as described in 
detail elsewhere. (19-26) 

The following human cell lines were also purchased: MDA-MB-231 
from the American Type Culture Collection (Rockville, MD, USA) and 
HT1080, SCC-25, and HeLa from Dainippon Pharmaceutical Co., Ltd. 
(Osaka, Japan). 

The expression vector pSG AMT1-MMP for a deletion mutant of 
MT1 -MMP( A MT1 -MMP) lacking the transmembrane domain and cyto- 
plasmic tail was prepared as described previously.(27) 

Serum from normal subjects and cancer patients were used for the 
assay. All serum samples were stored at -40 V C and usually assayed 
within 3 months. 

Preparation of Recombinant MT1-MMP in E. coli 

Expression vector for E. coli (pUC AMT1-MMP) was constructed 
with pUC19 and AMT1-MMP by digestion with Sma I and Hind III of 
pSG AMTI-MMP.(27) JM109 cells transformed with the piasmid were 
grown at 37 y C to log-phase, and protein expression was induced by 
adding 0.5 mM IPTG. Growth of the cells was continued for 4h, and 
then the cells were harvested. The pellet from a 400 mL culture was sus- 
pended in.20mL of 50 mM fnj-HCl buffer, pH 8.0, and incubated with 
20 mg of egg-white iysozyme. After storage on ice for 20min, the cells 
were disrupted by sonication; and then insoluble recombinant protein, in 
the form of inclusion bodies, was collected by centrifugation. 
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The pellet was washed twice with 50 mM rra-HCl buffer, pH 7.0, then 
solubilized with 2mL of 50 mM /m-HCl buffer, pH 7.0, containing 8M 
urea, 1% SDS, and 1% 2-mercaptoethanol, and thereafter incubated for 
30min at room temperature. The solubilized inclusion bodies were subjected 
to SDS-PAGE. The gels were sliced and recombinant MT1-MMP was 
recovered by electrocution done with a homemade apparatus. Buffer for 
the protein was exchanged for 50 mM sodium phosphate buffer, pH 
7.0 5 containing 0.1M NaCl and 10 mM ethylenediaminetetraacetic acid 
(EDTA) by using a PD-10 column; and the recombinant protein was used 
for immunization or as the EIA standard protein. The protein concentration 
of the recombinant MT1-MMP in the SDS buffer was determined by means 
of the dotMetric protein assay kit used according to the instructions of 
Geno Technology, Inc. 

Inclusion bodies expressed in E. coli bearing pTrcHisMT 1 -MMP 
were dissolved in 50 mM phosphate buffer, pH 7.0, containing 8M urea, 
0.5 M NaCl, and 10 mM imidazole (binding buffer) and applied to a nickel- 
chelating Sepharose FF gel column. The recombinant protein (HisMTl- 
MMP) was eluted with the binding buffer containing 0.5 M imidazole. 
Refolding of the recombinant protein was done in 50 mM /rw-HCl buffer, 
pH 8.6, containing 0.15 M NaCl. Soluble fraction was concentrated by 
UK- 10, and applied to a Sephacryl S-300HR gel column, which was equili- 
brated with 50 mM /ra-HCl buffer, pH 7.0, containing 0.15 M NaCl. 
Refolded HisMTl-MMP was digested with 0.1 ug/mL trypsin for lh at 
37°C and dien used for epitope mapping. 


Preparation of Monoclonal Antibodies Against MT1-MMP 

Two 6-week-old female BALB/c mice were immunized intraperitone- 
ally with 58 ug of purified recombinant MT1-MMP emulsified with an equal 
volume of Freund's complete adjuvant. Subsequent booster injections of 
66 ug of immunogen in saline were administered intraperitoneally after 20 
and 35 days and then intravenously after 70 days. Three days after the 
intravenous injection, the spleens were removed, and the splenocytes were 
isolated for fusion with mouse myeloma cells (SP-2/0-Agl4). The hybri- 
dization, as well as subsequent culturing and cloning of the hybrids, was 
carried out as described by Oi and Herzenberg.(28) Antibodies (IgGl) were 
purified from ascitic fluids by 40% saturated ammonium sulfate fractiona- 
tion, followed by protein A-Cellulofine column chromatography. Clones 
222-1 D8 and 222-2D12 obtained were of the IgGl/*: family, and used in 
this study. 


54 


AOKI ET AL. 


DETE 


Preparation of Fab'-HRP Conjugate 

F(ab') 2 was prepared from the purified monoclonal antibody (clone 
222- 1D8) by digestion with pepsin. The F(ab') 2 obtained was then reduced 
with 2-aminoethanethioI, and the resulting Fab' was conjugated with HHP 
by using EMCS.(29) 


(TNC 
homo; 
tants i 


Two-Step Sandwich EIA System for MT1-MMP 

Twenty-five microliters of specimen containing MT1-MMP was diluted 
with 100 uL of 30mM sodium phosphate buffer, pH 7.0, containing 1% 
BSA, 3% horse serum, 0.1 M NaCl, 10 mM EDTA, 0.42% SDS, and 0.4% 
2-mercaptoethanol (dilution buffer). Aliquots of the diluted samples (100 uL) 
were transferred to microplate wells previously coated with anti-MTl-MMP 
IgG, clone 222-2D12, and the plate was then incubated overnight at 4°C 
without shaking. The plate was next washed three times with lOmM 
sodium phosphate buffer, pH 7.0, containing 0.1 M NaCl and 0.1% (w/v) 
Tween 20 (washing buffer). One hundred microliters of 0.2 ug/mL anti-MTl- 
MMP Fab' (clone 222-lD8)-HRP conjugate in 30 mM sodium phosphate 
buffer, pH 7^0, containing 1% BSA, 0.1 M NaCl and lOmM EDTA was 
added to each well. The plate was then incubated for 1 h at room temperature 
and thereafter washed three times with the washing buffer. TMB solution 
(100 uL) was dispensed into each well, and incubation continued for 20 min at 
room temperature. The reaction was stopped by adding 100 uLof 1 M sulfu- 
ric acid, and the absorbance at 450 nm was measured with a microplate reader 
(Tosoh model MPR-A4, Tokyo). 


Preparation of Samples Containing MT1-MMP from 
Culture Media and Cell Extracts 

HT1080, MDA-MB-231, SCC-25, and HeLa cells were cultured 
in 7mL of DMEM, supplemented with 10% FBS in an atmosphere of 
humidified 5% C0 2 in air at 37°C in 10 cm tissue culture dishes 
(2 x 10 6 cells/dish). The confluent cells were rinsed twice with 5mL of phos- 
phate-buffered saline (PBS) and then cultured with 7mL of serum-free 
medium containing 200 ug/mL of Con A. The conditioned media were har- 
vested 3 days later and used for the EIA. The cells were scraped off into 
1 mL of PBS containing 10 mM EDTA and washed in the same buffer. After 
• centrifugation, the cells were resuspended in 0.4 mL of 50 mM rra-HCl 
buffer, pH 7.0, containing 0.15 M NaCl, lOmM CaCl 2 , and 0.05% Brij35 
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(TNCB), and homogenized with a homogenizer or weakly sonicated. The 
homogenates/sonicates were clarified by centrifugation, and the superna- 
tants were recovered as cell extracts. 


Electrophoresis and Immunoblotting 


Samples were subjected to SDS-PAGE (12% total acrylamide) 
and transferred onto nitrocellulose membranes. Monoclonal antibodies of 
clones 222-1D8, 222-2D12, 113-15E7, and 114-1F2 were conjugated with 
HRP by using S-acetylmercaptosuccinic anhydride. (29) The membranes 
reacted with I (ig/mL of each IgG-HRP overnight at room temperature 
in 30 mM sodium phosphate buffer, pH 7.0, containing 0.1 M NaCl and 
3% skim milk. After having been washed with 30mM sodium phosphate 
buffer, pH 7.0, containing 0.1 M NaCl, the membranes were stained by the 
hydrogen peroxide system with 0.5mg/mL DAB. Anti-MTl-MMP mono- 
clonal antibodies, clones H3-15E7 and 114-1F2, were used for detection 
of the hemopexin-like domain and catalytic domain of MT1-MMP, 
respectively.(2) 


Affinity Concentration of MT1-MMP from Human Serum 

Monoclonal antibody against MT1-MMP (clone 222-2D12, 5mg) in 
sodium borate buffer, pH 8.0, containing 0.5 M NaCl was reacted with 0.5 g 
CNBr-activated Sepharose 4B and gently shaken for 2h at room tempera- 
ture and then overnight at 4°C. The unreacted sites were blocked with 0.2 M 
glycine-NaOH buffer, pH 8.0. 

5mL of the serum from a patient with metastatic carcinoma was 
diluted with 20 mL of the dilution buffer. This sample was applied to a 
column of IgG (clone 222-2D12) coupled to 1 mL Sepharose 4B gel. The 
column was washed with PBS, and then the protein was eluted with 0.1 M 
glycine-HCl buffer, pH 2.0. The eluate was neutralized and concentrated to 
100 |iL. An aliquot of the concentrated sample was subjected to the EIA 
system. 


If® 


■me* 


Preparation of Tissue Homogenates for the EIA System 

Frozen tissues of head and neck, and lung cancers stored at -40 U C 
were minced and homogenized in 0.4 mL of TNCB with a spindle-type 
homogenizer. The homogenates were clarified by centrifugation, and the 
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supernatants were recovered as tissue extracts and subjected to the EIA. 
Protein concentrations of the tissue and cell extracts were determined with 
the Micro BCA protein assay kit, according to the instructions of Pierce. 
MT1-MMP levels in the samples were calculated and reported as ng/mg 
protein. 


RESULTS 


Purification of Recombinant MT1-MMP for Use as 
Immunogen and EIA Standard Protein 

A recombinant soluble MT1-MMP (AMT1-MMP) lacking its 
transmembrane domain and cytoplasmic tail was expressed in E. coii by 
using a bacterial expression plasmid (pUCAMTl-MMP). The recombinant 
protein was expressed as insoluble inclusion bodies, which were 
solubilized with 62.5 mM /m-HCl buffer, pH 6.8, containing 8M urea, 
1% SDS and- 1% 2-mercaptoethanol. Then, AMT1-MMP was purified 
by preparative SDS-PAGE to a grade showing a single band on SDS- 
PAGE at the position of about 60kDa, as shown in Figure 1A. The yield 
of AMT1-MMP was 2.6 mg from 400 mL of culture medium. 
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Specificity of the Monoclonal Antibodies 

Using the purified protein as an antigen, we prepared hybridoma cell 
lines. The cell lines were selected by the ELISA method and immunoblotting 
using the recombinant protein. Five clones (222-1D8, 222-2D12, 222-3E12, 
222-4G5, and 222-9A3) secreting monoclonal antibodies against MT1- 
MMP were obtained. According to the results of isotype assay for each 
monoclonal antibody conducted with the MonoAb-JD kit, all of the light 
chains were the k type, but the heavy chains were yl for four clones and y3 
for one. Various combinations of two monoclonal.antibodies were examined 
to develop sandwich EIA for MT1-MMP, and we chose the combination of 
clone 222-2D12 for the solid phase and 222-1 D8 for the conjugate coupled 
with HRP, 

Immunoblot analysis was performed to confirm the specificity of the 
monoclonal antibodies. AMTi-M MP (0.8 ug) was subjected to SDS-PAGE 
and transferred onto a nitrocellulose membrane. The membrane was reacted 
with 1 ug/mL IgG-HRP (clones 222- 1D8 and 222-12D2) overnight at room 
temperature and was then stained by the hydrogen peroxide system with 
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Figure L SDS-PAGE and immunoblotting of AMT1-MMP. A, Purified MT1- 
MMP (8ug) was subjected to SDS-PAGE (12% total acrylamide) under reducing 
conditions. The gel was stained with CBB. B, Purified AMT1-MMP (0.8 ng) was 
subjected to SDS-PAGE (12% total acrylamide) under reducing conditions and 
then transferred onto a nitrocellulose membrane. The membrane was reacted with 
lug/mL IgG-HRP (lane 1, clone 222-1D8; and lane 2, 222-12D2) overnight at 
room temperature in 30 mM sodium phosphate buffer, pH 7.0, containing 0.1 M 
NaCL and 3% skim milk and was stained by the hydrogen peroxide system with 
0.5mg/mL DAB. 
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DAB. As shown in Figure IB, both clones 222-1D8 and 222-12D2 reacted 
with AMT1-MMP 57 kDa. 

In order to determine the epitope for these monoclonal antibodies, 
epitope mapping was performed by immunoblot analysis using trypsin- 
treated AMT1-MMP fragments tagged with His 6. The blotted membrane 
was reacted with the antibodies prepared in the present study (clones 222- 
1D8 and 222-12D2), anti-hemopexin-like domain (clone 113-15E7), and 
anti-catalytic domain (clone 114-1F2) of MT1-MMP, and the antibodies 
were visualized as stated in Experimental. As shown in Figure 2, both 
clones 222-1 D8 and 222-12D2 reacted strongly with the hemopexin- 
like domain of MT1-MMP (31 and 33 kDa-bands), similarly as clone 
113-15E7.(2) 

Cross-reactivity of these antibodies with MT2-, MT3-, MT4-, and 
MT5-MMPs was also tested. Clone 222-1D8 slightly reacted with 
MT5-MMP; but not with MT2-, MT3-, or MT4-MMP. On the other 
hand, clone 222-2D12 did not react with any of the MT-MMPs examined 
by immunoblotting (data not shown). 
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Figure 2. Epitope mapping of the anti-AMTI-MMP monoclonal antibodies. 
Refolded AMT1-MMP was digested with trypsin (1 ug/lane) for 1 h at 37°C and 
subjected to SDS-PAGE (12% total acrylamide) under reducing conditions and 
reacted with anti-MTl-MMP antibodies. The membrane was then stained with 
lug/mL IgG-HRP (lane 1, clone 222-1D8; lane 2, 222-12D2; lane 3, 113-15E7; 
lane 4, 114-1F2). The arrows in the figure indicate undigested HisAMTl-MMP 
(UD), hemopexin-like domain (PEX) and catalytic domain (CAT) of MT1-MMP, 
respectively. 


Standard Assay Curve for JV1T1-MMP by Sandwich EIA System 


Figure 3 shows standard curve obtained with the sandwich EIA 
for MTl-MJVIP using the combination of clone 222-2D12 for the solid 
phase and 222-1 D8 for the conjugate coupled with HRP. The sensi- 
tivity was 1.25ng/mL (0.025 ng/well, two SDs above the zero point), and 
linearity was obtained between 1.25 and 160ng/mL (0.025-3.2 ng/well). The 
intra-assay CVs (/z = 8) at 8 different concentrations of MT1-MMP was 
3.9-9.3%. 


Precision and Accuracy 

The intra- and inter-assay reproducibility and recoveries of MT1- 
MMP were examined in serum. When different amounts of MT1-MMP 
(71.2, 35.6, and !7.8ng/mL) were added to serum as a standard, recoveries 
of 89.0-102.5% were obtained. The intra-assay CVs and inter-assay CVs 
were 2.5-3.4% (» = 8) and 3.1-5.0 % (tf = 8), respectively. 

Recovery of MT1-MMP from culture medium or extracts of MDA- 
MB-231 cells was also examined. Recovery rates of AMT1-MMP (40, 20, 
and lOng/mL) added to the culture medium or cell extract as a standard 
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Figure 3. Standard curve determined for MTl-MMP by the sandwich EIA system. 
Purified A MTl-MMP was analyzed by the sandwich EIA as described in Experi- 
mental. Vertical bars show mean value ±SD of 8 independent measurements (w = 8) 
at different concentrations. Numbers in the ligure indicate the intra-assay CVs (%). 
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Table 7. Precision and Accuracy of the EIA System for MTi-MMP 


Specimen 

Recovery (%) 

Intra-Assay CV (%) 

Inter-Assay CV (%) 

Normal serum 

89.0-102.5 

2.5 (w = 8) 

3.1 (w = 8) 

Cultured medium* 

92.8-105.8 

6.9 (n = 6) 

7.1 (« = 6) 

Cell homogenate* 

90.0-101.7 

9.5 (/? = 6) 

10.2 (« = 6) 


♦Prepared from Con A-stimulated MDA-MB-231 cells as described in Experimental 
Section. 
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were 92.8-105.8 or 90,0-101.7%, respectively. Results of intra- and inter- 
assay in culture medium and cell extract are shown in Table 1. 


Characterization of the EIA System for MTl-MMP 

The cross-reactivity of the EIA for MTl-MMP toward various MMPs 
was examined by using MMP-1, 2, 3, 7, 8,. 9, 13, 19, and 20; but no signal 
was obtained from these MMPs, as documented in Table 2. 
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Table 2. Cross- Reactivity of the EIA 
System for MT 1-MMP toward Other 
MMP's 

Concentration 
MMPs (ug/mL) v4 450 


MMP-l 1 0.025 

MMP-2 1 0.024 

MMP-3 1 0.027 

MMP-7 I 0.026 

MMP-8 1 0.028 

MMP-9 I 0.039 

MMP-l 3 1 0.026 

MMP-19 1 0.027 

MMP-20 1 0.071 

MT1-MMP 0.16 2.206 

Blank - 0.027 


Determination of MTl-MMP in Human Cell Lines by the EIA 

To measure MTl-MMP expression levels in human cancer cell lines, we 
lysed HT1080, MDA-MB-231, SCC-25, and HeLa cells and subjected the 
lysates to the EIA. MTl-MMP was detected in HT1080, MDA-MB-231, 
and SCC-25 cells, but not in HeLa cells (Table 3). At the same time, 
MTl-MMP released from the cells was measured. A substantial amount of 
MTl-MMP was detected in the medium conditioned by HT1080, MDA-MB- 
231, and SCC-25 cells, and it increased following Con A treatment of the cells 
(Table 4). As expected, MTl-MMP was not detected in the cell extract of 
HeLa cells. In a comparison of Tables 3 and 4, the production levels (ng/mg) 
by these cell lines corresponded well to the levels of MTl-MMP secreted into 
the medium (ng/mL) by each cell line. 


MTl-MMP in Human Serum 

The EIA system was applied to serum samples from 2 normal and 121 
various cancer patients, including those having metastasis (Table 5). 
However, MTl-MMP levels in all the serum samples were under the lower 
detection limit (1.25 ng/mL) of the assay system. The serum from 
a patient with metastatic carcinoma was concentrated 50-fold by using 
anti-MTl-MMP monoclonal antibody (clone 222-2D12) coupled with 
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Table 3. Measurement by the EIA of MT1-MMP 
Extracted from Human Cell Lysates 


Cell Line 

MT-MMP* (ng/mg) 

HT1080 

36.1 

MDA-MB-231 

26.7 

SCC-25 

14.7 

HeLa 

UD 


♦Detected as MT1-MMP (ng) per protein (mg) in each cell 
hotnogenate. 


Table 4. Measurement by the EIA of MT1-MMP in 
Culture Media of Human Cell Lines 


Cell Line 

Concentration of MT1-MMP (ng/mL) 

Without Con A 

With Con A 

HT1080 

10.1 

80.3 

MDA-MB-231 

7.6 

48.8 

SCC-25 

2.8 

43.1 

HeLa 

UD . 

UD 


UD: under the lower detection limit (< 1.25 ng/mL). 


Table 5. List of Human Serum 
Samples Examined by the EIA 

Serum 

Cancer patient 
Colon 
Breast 
Stomach 

Prostate (bone metastasis) 

Liver (metastasis) 

Others 
Normal 
Total 


31 
26 
25 
17" 
4 
18 


123 
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Sepharose 4B gel, and MT1-MMP in the eluate was determined by the EI A. 
MT 1-MMP level in the serum sample was estimated to be less than 25 pg/mL, 
because it was undetectable even in the 50-fold concentrated eluate. 


Determination of MT1-MMP in 
Human Carcinoma Tissue Samples 

Tissue homogenates of cancer patients were then examined by using 
the E1A system. Head and neck cancers (laryngeal, pharyngeal, oral, and 
salivary gland) and normal tissues adjacent to the cancers were isolated and 
subjected to the EIA after lysis. The MT 1-MMP levels in normal («-26) 
and tumor tissues (n-HO) were 0.8 ± 1.1 and 5.0±4.3ng/mg (mean±SD) ? 
respectively (Figure 4). The MT1-MMP levels were significantly 6.3-fold 
higher in tumors than in normal tissues (P < 0.001 by Student's / test). 

Specimens were also isolated from lung cancer patients (n = 5i) 
at different stages (TNM classification) and analyzed similarly.(35) Again, 
MT1-MMP levels were higher in tumors than in normal tissues (Figure 5A). 
Furthermore, tumor specimens with regional lymph node metastasis (Nl- 
N3) showed higher levels of MT1-MMP than those designated NO (P < 0.05 
by Student's t test), as shown in Figure 5B. 


30.0 



Norma) 


Tumor 


Figure 4. MT1-MMP levels in head and neck cancer tissue homogenates. MT1- 
MMP levels in homogenates from head and neck cancers (w = 80) and from normal 
tissue adjacent to such cancers (/; = 26) were determined by the sandwich EIA as 
described in Experimental, p < 0.001 by Student's / test. 
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Figure 5. MTI-MMP levels in lung cancer tissue homogenates. MTI-MMP levels 
in homogenates from lung tissue were determined by the sandwich EIA as described 
in Experimental. Significance of the difference was evaluated by Student's / test 
(p < 0.05). A: MTI-MMP levels in homogenates from cancer and adjacent normal 
tissues are shown. B: MTI-MMP levels in the tissue homogenates are separately 
indicated according to the degree of regional lymph node metastasis. 


J 


;er tissue homogenates. MT1- 
icers (« = 80) and from normal 
tined by the sandwich EIA as 
est. 


DISCUSSION 

We established a two-step sandwich EIA system to measure both solu- 
ble and membrane-associated MTI-MMP. Monoclonal antibodies used for 
the EIA were generated against recombinant MTI-MMP that was lacking its 
transmembrane domain and cytoplasmic tail The recombinant MTI-MMP 
expressed in E. coli as inclusion bodies was solubilized with /ra-HCl buffer, 
pH 7.0, containing urea, SDS and 2-mercaptoethanol ; and then purified by 
preparative SDS-PAGE. The purified MTI-MMP did not show any enzy- 
matic activities, and it was stable after 24 h incubation at 37°C without the 
presence of EDTA or phenylmethylsulfonyl fluoride. The stable recombinant 
protein was suitable for use as the standard protein for the EIA. 

Five monoclonal antibodies were obtained, and we chose a particular 
combination of two of them for the two-step sandwich EIA system. The 
established EIA system was quantitative and specific for MTI-MMP, 
showing no cross-reactivity against the other MMP's examined. By epitope 
analysis, we proved that these two antibodies recognized the hemopexin-like 
domain of MTI-MMP. Therefore, these antibodies cannot distinguish 
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between pro form and active form of MTI-MMP. Theoretically, this HI A. 
system, using this pair of antibodies against the hemopex.n-hke domain, 
could detect all three types of MTI-MMP molecules, i.e., membrane- 
associated form, shed form, and the 43kDa form described 
previously.(2, 17,30) This EIA system likely reflects the expression levels ot 

MTI-MMP. . , „ 

This system was applied to detect MTI-MMP m human cancer cell 
lines and in clinical samples. A human breast carcinoma cell line MDA-MB- 
231 is reported to express MTI-MMP and to shed it into culture medium 
upon treatment with ConA.(l7,18) Consistent with these previous reports, 
shed MTI-MMP was detected in the culture medium by this U A method. 
Shed MTI-MMP was also detected in the conditioned medium ot HI umu « 
and SCC-2S cells after ConA treatment (Table 3). Other cancer cell lines 
fSW837 MG-63, and CaSki) also produced shed MTI-MMP, but it was not 
detectable in the culture medium of HeLa, MCF7, Burkitt's lymphoma 
(Raji, Daudi), and leukaemia (K-562, HL-60) cell lines (data not shown). 
These results agree with the expression of MTI-MMP assessed by Northern 
blot analysis of the cell lines.(31) MTI-MMP detected in conditioned 
medium paralleled expression levels of MTI-MMP in the cells and may 
reflect metastatic ability of the cells. 

On the other hand. MTI-MMP levels in sera from two normal adults 
and from 121 patients with cancer including 21 with metastasis, were below 
the lower detection limit of this assay system (1.25ng/raL). It seems that the 
EIA cannot detect MTI-MMP from serum specimens, because the amount 
of shed MTI-MMP is very limited. MTI-MMP level in the serum was 
estimated to be less than 25pg/mL. 

MTI-MMP is usually anchored to the cell surface through its hydro- 
phobic transmembrane domain at the C-terminus and contributes to acti- 
vation of proMMP-2 and degradation of ECM under physiological or 
pathological conditions. Thus, it is also important to determine quantity 
of MTI-MMP in tumors. In order to extract MTI-MMP from the cell 
surface, we disrupted the cells with a lysis buffer containing SDS and 
9-mercaptoethanol, and then subjected the lysates to the EIA. The EIA 
system effectively detected solubilized MTI-MMP from cancer cell lines as 
well as the shed MTI-MMP (Tables 3 and 4). These results suggested that 
the EIA could detect membrane-bound MTI-MMP from tumor tissue after 
the solubilization step using denaturants. 

Then, we applied the method to detect MT1 -MMP m clinical speci- 
mens Head and neck cancer tissue and adjacent normal tissue were surgi- 
cally dissected and subjected to the analysis. MTI-MMP was detected in 
both normal and cancer tissues, but the levels in tumors (5.0ng/mL, n = 80) 
were significantly higher than those in the normal tissues (0.8 ng/mL, n - lb. 
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Figure 4) The same tendency was observed with lung cancer (Figure 5 A). 
Lung tumor specimens with regional lymph node metastasis (N1-N3) 
showed higher levels of MT1-MMP than those with no metastasis (NO; 
Figure 5B). As this EIA system requires denaturation of specimens it 
could not distinguish MT1-MMP/TIMP complexes from free MTl-MMP. 
Consequently, this EIA could not demonstrate the biological behavior of 
MT1-MMP/TIMP complexes or free MT1-MMP in metastasis. This may be 
reason why there was no clear correlation between the MT1-MMP level and 
the stage of the primary tumor (data not shown). 

The expression of MT1-MMP has been detected by immunostaming or 
Northern blot analysis in a variety of tumor tissues, including head and neck, 
lung, breast, gastric, colon, and so on (2,12,31,32). Furthermore, a positive 
correlation between expression levels MTl-MMP and metastasis of breast 
carcinoma, thyroid carcinoma, and colorectal cancer have reported 
(12 33 34) Since MTl-MMP expressed in tumors is a marker lor invasive 
and metastatic potential, we believe our EIA system, which reflects the 
expression level of MTl-MMP. is useful for the prognosis of cancer patients. 
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EXHIBIT 0 


Expression and Shedding of CD44 
Variant Isoforms in Patients With 
Gynecologic Malignancies 

Douglas D. Taylor, PhD, Cicek Gercel-Taylor, PhD, and Stanley A. Gall, MD 


OBJECTIVES: The presence of CD 44 isoforms was evaluated in ascitic fluid and serum samples of 
patients with gynecologic malignancies. Previously, the shedding of tumor-associated cell surface antigens has 
been demonstrated in the blood and malignant effusions of gynecologic cancer patients. Thus } the shedding 
of CD44 was also studied in ascitic fluids and sera of these patients f to address variant isoform expression 
as a biomarker of gynecologic cancer. 

Methods: The expression of CD 44 isoforms by ovarian tumor cells was examined by flow cytometry 
using variant-specific monoclonal antibodies. The release of these isofonns into the peripheral circulation and 
ascites was assayed by Western immunoblot analysis. 

Results: Flow cytometric analysis of ovarian tumor cell lines revealed a strong expression of CD44 with 
significant levels of v4/5 and v6 isoforms. The presetue of circulating CD44 isoforms was detectable in the 
sera of six of eight cancer patients, as well as in 12 of 16 ascitic fluids. Of the CD44-positive specimens, 
all six positive sera expressed detectable leveh of variant CD44. The CD44v6 was present in all of the 
positive sera samples tested. In the ascites, the "shed" CD44 appeared to be associated predominantly with 
shed particles (vesicles) of plasma membranes (membrane fragments). Of ten CD44-positive ascites samples, 
all expressed significant levels of variant CD44. 

Conclusions: In addition to mediating metastasis, the differential expression and shedding of CD44 
isoforms into the circulation may represent important determinants in the escape of tumors from immune 
surveillance, and their detection may be a diagnostic or prognostic marker. (J Soc Gynecol Invest 
1996;3:289-94) 

Key words: CD44, metastasis, ovarian cancer, shedding. 


Most clinical and experimental data suggest that me- 
tastasis is a nonrandom, organ-specific process. 1 The 
interactions between tumor cells and the extracel- 
lular matrices observed during metastasis are mediated by the 
repertoire of adhesion molecules expressed on the tumor cell 
surface and the unique composition of organ-specific matri- 
ces." These tumor-surface adhesion molecules are involved in 
all the intermediate steps described in the metastatic cascade. 
Modulation of two adhesion molecules, E-cadherin (de- 
creased) and CD 44 (increased) have been correlated clearly 
with the acquisition of invasive capacity of primary tumor 
cells. 1 

The cell-surface glycoprotein CD44 represents a polymor- 
phic family of integral membrane proteins, found on a wide 
variety of cells. CD44 is encoded by 20 exons, at least ten of 
which are expressed variably because of alternative splicing of 
nuclear RNA. Although the exact function of CD44 has yet to 
be defined conclusively, it has been implicated in lymphocyte 
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homing, lymphohemopoiesis, and T cell activation. " Alter- 
native splicing, differentia] N- and O-linked glycosylation, 
chondroitin sulfation, and phosphorylation may be responsible 
for the diversity in the size of CD44 molecules, with apparent 
molecular weights ranging from 85 to 260 kDa. 8 " 10 Numerous 
combinations of the variant exons have been detected, result- 
ing in more than 30 different isoforms being reported for 
various tissue types. The CD 44s (standard) isoform lacks the 
variant exons (vl-vlO) and appears to be expressed almost 
ubiquitously. The CD 44s is broadly distributed in hematopoi- 
etic cells, fibroblasts, and numerous tumors of mesenchymal 
and neuroectodermal origin, whereas expression of CD44 iso- 
forms containing the variant exons appears to have a restricted 
distribution. 

In addition to differences in their polypeptide sequences and 
posttranslational modifications, the two isoforms may exhibit 
different functions. CD44s displays a high affinity for hyaluro- 
nate and also binds collagen, laminin, and fibronectin, whereas 
CD44 variant isoforms mediates attachment to surface-bound 
hyaluronate. 11 Because CD44s is a primary cell surface recep- 
tor for hyaluronate, it appears to play a critical role in cell-cell 
and cell-substrate adhesion. 12 The cytoplasmic tail of CD44 
associates with cytoskeietal proteins and mediates cell motility. 

1O71-5576/96/S15.00 
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Table 1. Clinical Characteristics of Patients on the Gynecologic 
Oncology Service From Whom Serum and/or Ascitic Fluids 
Were Obtained 


Patient 
designation 

Age (y) 

Stage 

Tumor site 

Patient 1 

76 

IV 

Endometrium 

Patient 2 

69 

IV 

Endometrium 

Patient 3 

61 

Recurrent 

Ovary 

Patipnr 4 

l allvllt i 

64 

II it: 

Ovary 

Piiripnt S 

64 

III 


Pi)ri<-*nr n 

43 

113 

Cervix 

Patient 7 

71 

IIIA 

Cervix 

Patient 8 

69 

IV 

Ovary 

Patient 9 

47 

IIIC 

Ovary 

Patient 10 

71 

IV 

Endometrium 

Patient 1 1 

77 

III 

Ovary 

Patient 1 2 

57 

Recurrent 

Fallopian tube 

Patient 13 

59 

in 

Ovary 

Patient 14 

47 

III 

Peritoneal 

Patient 15 

76 

IV 

Endometrium 

Patient 16 

73 

IV 

Endometrium 


Although the precise function of the variant isoforms is un- 
clear, the expressions of variant exons, in particular the v6 and 
v8— vlO, are correlated with metastatic potential in several hu- 
man tumor types. 

Recent investigations have suggested that CD44 expression 
on target cells represents one of several cellular adhesion mol- 
ecules that regulate lymphocyte cytotoxicity. 13 This di- 
chotomy between the role of increased CD44 expression nec- 
essary for metastasis and the need to diminish surface CD44 
expression to circumvent immunologic killing has yet to be 
addressed. Our previous studies 14 * 13 addressed immunosup- 
pressive materials released (shed) by various tumors. These 
studies focused on particles (vesicles) of plasma membranes 
from viable tumor cells (termed membrane fragments [iMF]). 
We demonstrated that these MFs can suppress lymphocyte and 
monocyte activation. 15,16 We have proposed that the variable 
isoform expression and shedding of CD 44 may provide a 
means for tumors to escape surveillance by activated lymphoid 
cells. In this report, we demonstrate the differential expression 
and shedding of CD44 isoforms by patients with gynecologic 
tumors. 

MATERIALS AND METHODS 

Patients and Clinical Materials 

Malignant effusions and serum samples were obtained from 
patients of the Division of Gynecologic Oncology, within the 
Department of Obstetrics and Gynecology of the University of 
Louisville School of Medicine. The diagnoses included in this 
study are shown in Table 1 . The acquisition and encoding of 
patient material was approved by the University Human Stud- 
ies Committee. 

Cells and Culture Conditions 

The SKOV-3 cell line was obtained from the American Type 
Culture Collection (Rockville, MD). Ovarian tumor lines 
have been established in our laboratory from patients 4 and 8 
(Table 1), and were described previously. 7 The above cells 


were grown in Dulbecco's modified Eagle's medium, supple- 
mented with 10% fetal bovine serum, 1 mmol/L sodium py- 
ruvate, 0.1 mmol/L nonessential amino acids, 200 mmol/L 
L-glutamine, 100 mg/mL streptomycin, and 100 IU/mL peni- 
cillin, in a humidified 5% C0 2 atmosphere. 

Flow Cytometry 

The cell surface expression of CD44 was assessed by flow 
cytometry. Cell cultures were treated with ethylenediamine- 
tetra-acetic acid (EDTA) and removed from the culture flask 
by scraping. The cells were centrifuged, and the cell pellet was 
resuspended in ice-cold phosphate-buffered saline (PBS). The 
cell suspensions (10 6 ) were stained for CD44, in general, or for 
specific variants by incubating with a murine monoclonal pan- 
anti-CD44 antibody (T Cell Sciences, Cambridge, MA) or 
anti-CD44v4/5 and CD44v6 (R&D Systems, Minneapolis, 
MN) for 45 minutes at 4C. The cells were washed three times 
with ice-cold PBS, and the cells were further incubated with 
fluorescein isothiocyanate (F1TC) -conjugated rabbit anti- 
mouse immunoglobulins (Ig) (Dako Corporation, Carpinteria, 
CA) for 45 minutes at 4C. The cells were washed three times 
with ice-cold PBS and fixed with 1% paraformaldehyde in 
Ca ++ -Mg ++ -free PBS for 30 minutes at 4C. The percent of 
cells labeled by this procedure was determined using a Coulter 
Epics fluorescene-activated cell sorter gated for tumor cells, 
with nonviable cells being (Hialeah, FL) removed by gating. 
Positive cells were determined as the percentage of cells fluo- 
rescent greater than cells incubated with only the FITC second 
antibody (negative control). 

Sodium Dodecyl Sulfate Electrophoresis and 
Western Blotting 

For electrophoretic separation of cell-associated CD44, cell 
cultures, in log-phase growth, were treated with EDTA and 
removed from the culture flask. The cells were cen trtfuged, 
and the cell pellet was resuspended with an i so-osmotic lysing 
buffer that contained 0.5% Triton X-100. This suspension was 
centrifuged at 10,000 revolutions per minute for 10 minutes, 
and the supernatant was mixed with 2x Laemmli sample 
buffer. For electrophoretic separation of serum- or ascitic- 
derived CD 44, sera and ascitic were subjected to immunopre- 
cipitation. Serum or ascitic samples (1 mL) were incubated 
overnight at 4C with pan-anti-CD44 antibody and agarose- 
conjugated anti-mouse Ig. The precipitate was washed three 
times with PBS containing 1% Triton X-100, 0.5% sodium 
deoxycholate, and 0.1% sodium dodecyl sulfate (SDS). The 


Table 2. Expression of CD44 Isoforms by a Commercially 
Obtained Ovarian Tumor Cell Line and Two Recently Derived 
Ovarian Tumor Lines, as Determined by Flow Cytometry 


Cells derived 

% pan-CD44 

% CD44 

% CD44 

from patient 

positive 

v6 positive 

v4/5 positive 

SKOV-3 

97.9 

6.d 

5.1 

Patient 4 

99.8 

24.9 

13.3 

Patient 8 

98.8 

17.7 

11.9 


Percent positive cells were those cells exhibiting fluuresence above background (stained 
with an irrelevant primary antibody and fluorescein -co nj united secondary antibody. 
The primary antibodies were variant specific murine monoclonal antibodies. 
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Figure 1. Western blot analysis of tN 
presence of CI )44 isoforms and levels ^ 
in serum samples obtained from gy- 
necologic oncology patients. Serum 
samples (1 mL) were immunopre- 
cipitated with pan-anti-CD44, and 
the pellets were resuspended in 
sample buffer and applied to sodium 
dodecyl su I fate-poly acrylamide gel 200 > '^^A^'i^f'' ,r ^ 
electrophoresis. After electrophore- ...«. a ^afl 1 L 
sis, immunoblot aiialysis was per- 
formed with monoclonal anti-CD44s J JJQ > 
(recognizing all isoforms). CD44- 
reactive bands were visualized bv en- 150 > 
hanced chemiluminence. Molecular- 
weight estimates were based on si- 
multaneously run, prestained QQ > 
standards. 
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immunoprecipitate was then resuspended in electrophoresis 
sample buffer containing 2-mercapto-ethanoI, 4% SDS, and 
6% urea. 

The proteins were separated by SDS-polyacrylamide gel 
elecrophoresis (PAGE) using the method of Laemmli. 20 Elec- 
trophoresis was performed using a 3% acrylamide focusing gel 
and a 7.5% acrylamide separating gel. Molecular- weight 
estimates were based on simultaneous electrophoresis of 
prestained molecular-weight standards (Bio-Kad, Richmond, 
CA). Following the electrophoretic separation, the proteins 
were electrophoretically transferred to nitrocellulose paper, 
and the nitrocellulose paper was blocked using 5% nonfat dry 
milk. The presence of CD44 was detected using a primary 
mouse monoclonal pan-anti-CD44 (T Cell Sciences) or anti- 
CD44v6 (R&D Systems) incubated at room temperature for 
45 minutes. This primary antibody incubation was followed by 
three washes with 0.2% Tween-20 in PBS and a 45-minute 
incubation with a secondary peroxidase-labeled F(ab) 2 of rab- 
bit antimouse Igs. The blots were visualized by staining for 
peroxidase with enhanced chemiluminence (ECL) (Amersham 
Life Sciences, Arlington Heights, IL). 

Membrane Fragment Isolation 

Membrane fragments were isolated from ascitic fluids by the 
ultracentrifugal procedure of Taylor et al. lh In brief, the 


samples were initially centrifuged at 400 x and the super- 
natant was further centrifuged at 27,000 x g for 15 minutes to 
remove any cell debris. The supernatant was then centrifuged 
at 1 00,000 x ^ for 1 hour, and the resulting pellet was washed 
and resuspended in PBS at 3x the original concentration. Pre- 
vious assessments of this material from electron microscopy 
and enzymatic markers had indicated that these were plasma 
membrane-derived vesicles ranging from 10 to 100 nm in 

i * fc IK 

diameter. 

Slot-Blot Analysis 

The presence and distribution of CD44 in ascitic samples was 
evaluated by slot-immunoblot analysis. Initially, these samples 
(0.2 mL) were applied to nitrocellulose paper using a slot-blot 
manifold (Bio-Rad). The nitrocellulose paper was then 
blocked using 5% nonfat dry milk for 45 minutes at room 
temperature. After three washes, the presence of CD44 was 
detected using a primary mouse monoclonal antiCD44 (T Cell 
Sciences, Cambridge, MA), incubated on the rotating shaker at 
room temperature for 45 minutes. This primary antibody in- 
cubation was followed by three washes with 0.2% Tween-20 
in PBS and a 45-minute incubation with a secondary peroxi- 
dase-labeled F(ab) 2 of rabbit antimouse Ig (Dako Corporation, 
Carpinteria, CA). The blots were visualized by staining for 
peroxidase with ECL (Amersham Life Sciences). Five of these 


Figure 2. Western blot analysis of 
presence of CD 44 isoforms and levels 
in serum samples obtained from gy- 
necologic oncology patients. Serum 
samples (1 mL) were immunopre- 
cipitated with pan-anti~CD44, and 
the pellets were resuspended in 
sample buffer and applied to sodium 
dodecyl sulfate-polyacrylamide elec- 
trophoresis. After electrophoresis, 
immunoblot analysis was performed 
with monoclonal anti-CD44v6. 
CD44-reactive bands were visualized 
by enhanced chemiluminence. Mo- 
lecular-weight estimates were based 
on simultaneously run, prestained 
standards. 
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Figure 3. Slot-immunoblot for 
CD44 in ascitic fluids of gynecologic 
oncology patients and CD44- 
positive controls. Slot A presents 
CD44S, 13 shows bovine serum albu- 
min as a negative control, C = 
CD44E, D = patient 1 , E = patient 
2, F = patient 3, G = patient 4, H 
= patient 5,1 = patient 6 ? J = pa- 
tient 7, K = patient 8, L = patient 
9, M = patient 10, N = patient 1 1, 
O = patient 12, P = patient 13, Q 
= patient 14, R = patient 15, S = 
patient 16, T = negative control. 


ascitic fluids were separated into their MF fraction and che 
MF-free supernatant (see above). Before blotting, the level of 
protein was determined by the method of Lowry et al. 19 and 
all samples were adjusted to identical protein concentrations. 
Utilizing the slot-immunoblot approach, these fractions were 
then assessed for the presence of CD44. 

RESULTS 

Expression of CD44 by Ovarian Tumor Cells 

Because CD44 has been implicated in a number of cellular 
functions, including cell motility and metastasis formation, the 
cell surface expression of CD44 isoforms on ovarian tumor 
cells was examined by flow cytometry (Table 2). Tumor cells 
derived from patients 4 and 8 expressed high levels of surface 
CD44, similar to SKOV-3 cells. To determine which isoforms 
of CD44 were expressed by these ovarian tumor cells, flow 
cytometric analysis was performed using variant-specific 
monoclonal antibodies. This investigation revealed that a por- 
tion of the cells from patients 4 and 8 expressed both 
CD44v4/5 and CD44v6. The levels of variant CD44 isoforms 
expressed on our recently established lines were greater than 
on SKOV-3. 

Presence of Circulating CD44 

Our previous work demonstrated the shedding of cell surface 
antigens from tumor cells and their subsequent appearance in 
the peripheral circulation and malignant effusions. The pres- 
ence of circulating CD44 was assayed by combining immu- 
noprecipitation and Western immunoblotting of sera samples 
from gynecologic cancer patients (Figure 1). CD44 was de- 
tectable in six of the eight (75%) sera samples we analyzed. 
Circulating variant CD44 isoforms were detectable in all six of 
the CD 44+ sera samples tested. Serum from normal control 


individuals failed to exhibit detectable levels of CD44. The 
Western immunoblot analysis was repeated using CD44v6- 
specific monoclonal antibody (Figure 2). The CD44-positive 
specimens tested were all reactive with the anti-CD44v6 an- 
tibody, with only bands at 150 and 180 kD being recognized 
by this variant-specific antibody. 

Presence of Shed CD44 in Ascitic Fluids 

The presence of CD44 in the ascitic fluids from cancer patients 
was assayed by slot-immunoblotting (Figure 3). CD44 was 

Fractionated 
Ascites Particulate Supermatant 


Patient 6 


Patient 12 


Patient 15 


Patient 13 


Patient 4 



Figure 4. Slot immunoblot for CD44 in ascitic fluid samples ob- 
tained from gynecologic oncology patients. Ascitic fluids were either 
unfractionated or fractionated into membrane fragment-containing 
pellet (particulate) and the membrane fragment-free supernatant (su- 
pernatant). 
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Figure 5. Western blot analysis of 
presence of CD44 isoforms and levels 
associated with ascites-derived mem- 
brane fragments obtained from gyne- 
cologic oncology pacients. Ascites- 
derived membrane fragments (50 |xg) 
were suspended in 2x sample buffer 
and applied to sodium dodecyl sul- 
fate-polyacrylamide gel electropho- 200 > 
resis. Following electrophoresis., im- 
munoblot analysis was performed 
with monoclonal antiCD44S (recog- 
nizing all isoforms). CD44-reactive 
bands were visualized by enhanced 
chemiluminence. Molecular- weight 
estimates were based on simulta- 
neously run, prestained standards. 
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detectable in 12 (patients 2, 4-6, and 9-16) of the 16 (75%) 
ascitic fluids analyzed. Five of these ascitic fluids were separated 
into the plasma MF (or particulate) fractions and the MF-free 
supernatancs. As a result of the protein concentration adjust- 
ment, the MFs were concentrated 2.5-fold. We observed 
CD44 to be shed primarily as particulate MFs in these patients, 
with little detectable MF-free CD44 (Figure 4). 

To assess the isoform distribution in the ascites-derived 
MFs, we assayed shed MF-associated CD 44 by combining 
immunoprecipitation and Western immunoblotting of solubi- 
lized MFs from ascitic samples of gynecologic cancer patients 
(Figure 5). CD44 was detectable in all ten of the ascitic fluid 
specimens tested (100%). Variant CD44 isoforms were also 
detectable in all ten of these ascites-derived MF preparations 
(100%). 

DISCUSSION 

Numerous investigations have correlated the expression of 
CD44 with the metastatic potential of various tumors. 1 13,2 1,22 
More recendy, studies have evaluated the expression of CD44 
splice variants to understand the role of CD44 isoforms in 
metastasis formation. 7,23 Although the standard isoform 
(CD44s) has been implicated in cellular motility via its role as 
a hyaluronate receptor, the function of the variant CD44 iso- 
forms has not been delineated. 

In the present report, the expression of CD44 by tumor cells 
isolated from patients with gynecologic malignancies was de- 
scribed (Table 2), together with its shedding and ultimate ap- 
pearance in the ascitic and peripheral circulation. Recendy 
established ovarian tumor lines were demonstrated to be highly 
positive for CD44, with these lines expressing both CD44v4/5 
and CD44v6. Patients 4 and 8, from whom these cell lines 
were derived, possessed widely metastatic disease, including 
brain metastases (in patient 4). The degree of metastatic spread 
in the patient from whom SKOV-3 was derived was unclear. 

We further demonstrated that CD44 can be detected in the 
serum (Figure 1) and ascitic fluids (Figures 3 and 5) of most 
gynecologic oncology patients (Table 3 presents a composite 
of all patients). The ability to measure CD44 variant isoforms 


in the ascites or peripheral circulation may serve as a diagnostic 
and/or prognostic marker for gynecologic tumors; however, 
analysis of materials from various stages of disease must be 
evaluated before this conclusion can be firmly established. Pre- 
viously, we demonstrated that tumor plasma membrane- 
derived components can appear in sera and ascites in two 
forms: either as individual soluble components or as actively 
shed fragments of the tumor cell plasma membrane (primarily 
as vesicles). The CD44 shed into the ascitic fluids of these 
gynecologic cancer patients, appeared to be associated primar- 
ily with tumor-derived plasma membrane fragments (Fig- 
ure 4). 

Because ^previous studies have failed to identify a common 
function between the major isoforms of CD44, the role of 
tumor-derived variant CD44 isoforms may be due to their 
availability in a shed form. Because we demonstrated that shed 

Table 3. Composite of panCD44 and Variant CD44 Isoform 
Expression in Serum and Ascitic Samples of the 16 Gynecologic 
Cancer Patients Included in the Present Study 


Serum 
expression 


Ascitic 
expression 


Patient 
designation 

(panCD44/ 
variant CD44) 

(panCD44/ 
variant CD44) 

Patient 1 

ND 


Patient 2 


+/+ 

Patient 3 

ND 


Patient 4 

+/+ 

+/+ 

Patient 5 

ND 

+/ND 

Patient 6 


+/+ 

Patient 7 

ND 


Patient 8 

+/+ 


Patient 9 

ND 

+/ + 

Patient 10 

ND 

+/+ 

Patient 11 

ND 

+/ND 

Patient 12 

+/+ 

+/+ 

Patient 13 

+/+ 

+/+ 

Patient 14 

+/+ 

+/ + 

Patient 15 

+/+ 

+/+ 

Patient 16 

ND 

+/+ 

Normal 




ND = not determined. 

Determined by Western immuuoblut analysis, utilizing a panCD44 monociona] antibody. 
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tumor-derived MFs can modulate the host's immune system 
(primarily suppressing it) 1n ' K> and significant levels of variant 
CD44 isoforms, produced by these tumor cells, appeared to be 
shed, the consequences of variant CD44 isoforms are being 
investigated in the regulation of lymphoid activation and tu- 
moricidal activity. 
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SUMMARY 

A new monoclonal antibody (MoAb) HA58 (IgGl) was prepared, which recognizes the binding site 
on the intercellular adhesion molecule-1 (ICAM-1) antigen to the lymphocyte function-associated 
antigen-! (LFA-1). The double-determinant immunoassay (DDtA) was established with use of 
MoAb HA58 and another anti-ICAM-1, MoAb CL207, to detect the soluble, shedding ICAM-1 
antigen. Human recombinant inlcrferon-gamma (IFN-y) induced not only the expression of cell 
surface ICAM-1, but also the shedding ICAM-1 antigen in an IFN-y concentration-dependent and 
incubation-time-dependent manner. DDI A was applied to detect the shedding ICAM-1 antigen in 
the sera of patients with malignant or benign diseases. The incidence of positivity for ICAM-1 antigen 
in malignant diseases was higher than that in benign diseases or in healthy controls. Furthermore, the 
sera of cancer patients with liver metastasis showed higher levels of the shedding ICAM-1 antigen. 
These findings suggest that serum ICAM-1 antigen may be a useful marker to monitor tumor burden 
in cancer patients. 

Keywords ICAM-1 circulating ICAM-I in sera malignant disease 


/ INTRODUCTION 

Intercellular adhesion molecule-1 (ICAM-I), a 80-110-kD 
glycoprotein, has been found to be a ligand for the lymphocyte 
function-associated antigen- 1 (LFA-l) molecule (Rothlein et 
aL, 1986; Marlin & Springer, 1987; Makgova et ai., 1988). 
ICAM-I plays an important role in inflammatory diseases 
(Barton et ai, 1989) and in malignant diseases (Johnson et ui, 
1989). It has been suggested that the binding of T lymphocytes 
to vascular endothelial cells occurs between the ICAM-1 and 
LFA-1 molecules (Haskard et aL. 1986). The release of cyto- 
kines (interferon, IL-I t tumour necrosis factor, etc.) at sites of 
inflammation and immune response causes cell activation and 
results in augumented expression of adhesion molecules includ- 
ing ICAM-1 on the host's cell surface (Rothlein et ai, 1988). 

Furthermore, the ICAM-1 antigen has recently been 
reported to be a member of the immunoglobulin supergene 
family with five-domain structures (Staunton et aL, 1988) and 
also to function as a receptor for rhinovirus (Greve etal., 1989; 
Staunton et ai, 1 989). These findings suggest the possibility that 
ICAM-1 antigen acts as a functional receptor molecule, as well 
as the ligand for LFA-1. 

We describe here the estblishment of a new monoclonal 
antibody (MoAb) HA58 to ICAM-I, and the measurement of 
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the levels of circulating ICAM-I antigen in patient sera. The 
latter would provide a novel view of ICAM-1 in respect to the 
diseases. 


MATERIALS AND METHODS 

Cell fines 

Human colonic carcinoma BM314 and WiDr, gastric carci- 
noma MKN45 and KATOIIL pancreatic carcinoma Pane- 1 
and PK-U hepatocellular carcinoma o-Hc-4 and c-Hc-20, and 
lung adenocarcinoma HLC-1 cell lines were grown in RPMI 
1640 medium supplemented with 10% fetal calf serum (FCS), 
2 mM L-glutaminc and gentamycin sulphate (25 /*g/ml). These 
lines were obtained from the Japanese Cancer Research 
Resources Bank, Tokyo, Japan. 

Monoclonal antibodies 

MoAb HA58 (IgGl) was secreted by a hybridoma constructed 
with X63-Ag8.653 myeloma cells and splenocytes from a 
BALB/c mouse that was immunized with a weekly intraperito- 
neal injection of I x I0 7 colonic carcinoma BM314 cells treated 
with interferon-gamma (IFN->0 (200 U/ml for 24 h). Subcloning 
and growing of hybridomas were done according to standard 
procedures (Imai et a I., 1984). MoAbs secreted from the 
resulting hybridomas were purified from ascitic fluid either by 
affinity chromatography on protein A-Sepharosc (Ey, Prowes 
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& Jenkin, 1978), by ion exchange chromatography on DEAE or 
by caprylic acid precipitation (Russo et al., !983). MoAbs were 
biotinylated according to a published procedure (Guesdon, 
Ternynck & Avrameas, J979). MoAbCL207 (leGl)to ICAM-I 
was developed as described elsewhere (Maio et al., 1989). 

MoAb AI206 (IgGI) is an anti-idiotypic MoAb to MoAb 
YH206 (IgM) which reacts with adcnocarcinoma-associatcd 
antigen (Sugiyama et al., 1991). 

Binding assay 

Flow cytometry using EPICS (Coulter Electronics, Hialcah, 
FL) was performed to assess the reactivily of MoAbs to IFN-y- 
Ircated or non- treated cells as described by K-itagawa et al. 
(1986). Briefly, 100 p\ of MoAb (20 /ig/rnl) were added lo the 
washed cells (I x I0 6 ) and incubated for I h at 4 :; C. Following 
washings, 50 p\ of FITC-labelted rabbit anti-mouse immuno- 
globulin (Zymed, San Francisco, CA) was added and incubated 
for 1 h at 4"C After being washed, FITC-labelled cells were 
analysed on an EPICS. 

C Competition assay 

In order to test whether the epitopes recognized with MoAb 
HA58 and CL207 were different, competition assay was per- 
formed. I FN-y-treatcd cultured colonic carcinoma BM3 14 cells 
were pre-incubatcd with an excess of unlabelled MoAb for I h al 
4 C After washing, l25 Mabelled MoAb (1 x I0 5 ct/min per well) 
was added to test for the ability to bind. .After incubation for I h. 
bound radioactivity was counted. Results were calculated as 
percentage of blocking, compared with negative control. 

Immunochemical analysis of antigen recognized with MoAbs 
Western blot analysis was performed as described elsewhere 
(Ban, Imai & Yachi, 1989). Cultured BM314 cells treated with 
IFN-y were solubilized with NP40 detergent. .The resulting 
extract was analysed by SDS-PAGE and then transferred to 
nitrocellulose membrane. After blocking with 3% BSA, verti- 
cally sliced nitrocellulose membranes were incubated with 
purified MoAb at room temperature for 2 h. Strips were washed 
three times for 10 min each in PBS containing 1/300 dilution of 
peroxidase-conjugated rabbit anti-mouse IgG (Dako, Tokyo, 
Japan). After being washed with PBS, the strips were incubated 
in a freshly prepared solution. The immobilized horseradish 
peroxidase was visualized with 120 ml of 0 005% 4-chloro-l- 
naphthol (w/v) in 20 mM Tris-HCI buffer (pH 7-5), 17% 
methanol (v/v) and 60 /d of H^Ov (final concentration 6-05% 
(v/v)). After a 1 5-min incubation at room temperature, the strips 
were removed into water. Antigen-antibody binding was identi- 
fied by the presence of a black stain. 

The immunodepletion experiment was done as follows: the 
antigen in the extract from IFN-y-trcated colonic carcinoma 
BM314 cells was completely depleted by CNBr-activated 
Sepharosc 4B coated with 10 mg of MoAb HA58. The 
remaining extract was analysed by Western blotting with MoAb 
CL207. 

Spent media of cultured cells and serum specimens 
Spent media were collected from the flasks in which 3 x 1 0 5 /nil of 
cells had been incubated for 3 days to test for shedding ICAM-I 
antigen from cells. Serum specimens of healthy controls (aged 
35-78 years) were obtained from volunteers among our depart- 
mental staff. Samples of cancers and benign diseases were 
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Fly. 1. Western blot analysis of the corresponding antigen detected by 
MoAb HA58 or CL.307. (a) The extract from IFN-y-trcatcd colonic 
cancer BM3I4 cells was used as an anLigcn under reducing conditions. 
Reactivity of the antigen with MoAb HA58(lane I ). MoAb CL207 (lane 
2) and MoAb A 1206 (lane 3) was assessed by Western blot (7-5% gel); (b) 
immunodepletion experiment. The extract from M N-y- treated colonic 
cancer BM314 cells had been immunodcplcted by cither MoAb AI206 
(IgG I) (lane I ) or MoAb HA58 (IgG 1) (lane 2) before the remaining 
extract was analysed by Western blotting under reducing conditions 
using MoAb CL207 to the ICAM-1 molecule (7-5% gel). 

obtained from patients at our college hospital: gastric cancer 
(/?-5l), colonic cancer (w = 29), gall bladder cancer («=14), 
pancreatic cancer (w = 15), oesophageal cancer (/; = 6), pancrea- 
titis (/? = 8) and cholecystitis (;i=I3). Miscellaneous diseases 
included collagen disease (w = 16), infection (n— 15), cardiovas- 
cular diseases (« = 6) and diseases of metabolism {n = l). Liver 
metastasis of the carcinoma was diagnosed by use of CT and 
echogram. 

Double-determinant immunoassay (DDI A) 
DDIA using the FAST system (Becton Dickinson. Mountain 
View. CA) was employed to obtain a quantitative analysis of the 
antigen. Microti trc plates (96-wclI) were first incubated with 
purified MoAb CL207 or HA58 (20 //g/ml) and then blocked by 
3% BSA. The spent media of cultured ceils or aliquots of scrum 
samples diluted 1/200 in PBS were then incubated with the 
beads. After being washed with PBS containing 0*05% Twcen 
20, the beads were incubated with biotinylated MoAb HA58 or 
CL207. Avidin-conjugatcd peroxidase (Vector, Burlingamc, 
CA) was diluted I / 1000 in 0 05 m PBS with 0-5 m NaCI, pH 8-0, 
and incubated with the beads. The degree of substrate reaction 
was determined with OPD at 492 nm in a ( Micro-ELISA 
Auloreader MR 580 (Dynalcch, Cambridge, MA). Results were 
expressed as units (1 U corresponds to 2 pg of purified antigen) 
calculated from the titration curve of ICAM-I antigen. 

RESULTS 

Characterization of corresponding epitope recognized with MoAb 
HA 58 

The mol. wt of the antigen recognized with MoAb HA58 was 
approximately 85 kD, which was the same mol. wt as that 
recognized with MoAb CL207 in SDS-PAGE (Fig. la). In 
order to determine whether MoAbs HA 58 and CL207 recognize 
the same molecule, sequential immunodepletion experiments 
were performed. The result is shown in Fig. lb. The extract from 
IFN-y-trcated colonic carcinoma BM3 14 cells had been immu- 
nodepletcd by Sepharose 4B coated with either irrelevant MoAb 
AF206 (IgG 1 ) as negative control or MoAb HA58 (IgG 1 ) before 
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Table 1. Epitopes recognized with a mi- ICAM-l monoclonal a nli bodies 
HA58 and CL207 
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Pre-incubated 


,25 l-labcllcd MoAb 


with uniaoeiica 




MoAb 

HA58 

CL207 

MA208 





HA58 

4251 ±562 

23 210 + 1856 

21 503 + 1951 

CL207 

33 135 + 2433 

3612 + 462 

22419±1K88 

MA208* 

31 281 ±2142 

22 341 ±1947 

2816+304 

HU-20* 

34 654+1946 

24516 + 2051 

20 987 + 2103 

Medium 

32 561 ±2650 

26 18442149 

23 344+1917 


IFN-y- treated BM314 ceils were pre-incubated with an excess of 
unlabelled MoAbs, and then tested for their ability to bind l25 I-la belled 
MoAbs. Results are expressed as bound mean ct/min±s.d. of triplicate 
values. 

* Anti-CEA MoAb MA208 and anti-HtA class II MoAb HU-20 
were used as negative controls. 
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Fig, 2. Detection of the shedding 1CAM-1 antigen in spent media of 
cancer cells with ELISA. Effect of the concentration and incubation 
time of IFN-y upon the accumulation of ICAM-I was compared. The 
spent media of gastric cancer MKN45 cells were used as an antigen. 


the remaining extract was analysed by Western blotting under 
reducing condition, usingMoAbCL207. MoAb CL207 failed to 
immunopreeipitate 85-kD molecules after depletion by MoAb 
HA58 (lane 2), whereas MoAb CL207 reacted with the mol- 
ecules after depletion by irrelevant MoAb A 1206 (lane 1 ). This 
result suggests that these two MoAbs react with the same 
antigenic molecule, ICAM-1. 

A further competition assay was done to examine whether 
the epitopes recognized with MoAb CL207 and MoAb HA 58 
were different. Binding. activity of '"Uabelled MoAb HA58 to 
ICAM-I + cells (IFN-y-trcaled BM3I4 cells) was inhibited only 
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Fig. 3. (a) ICAM-l expression on cultured cell surface treated (B) or 
untreated (□) IFN-y. Positive percentages of 1CAM- 1 -bearing cells were 
measured by MoAb HA 58, using flow cytometry; (b) shedding ICAM-1 
antigen in the spent media of cultured cells. Detection of the shedding 
JCAM-I antigen was done, using spent media of cultured cells which 
were incubated for 3 days with {&) and without (□) IFN-v (200 U/ml). 


with MoAb HA58, but not with MoAb CL207 nor with 
irrelevant MoAbs. In contrast, '^-labelled MoAb CL207 
competed with MoAb CL207, but not with MoAb HA58 nor 
with the others (Table 1). 

These results from Western blot analysis, immunodepletiori 
and competition experiments strongly suggest that MoAb 
HA58 and CL207 recognize distinct epitopes on ICAM-1. 

DDI A to detect soluble ICAM-l antigen 
In order to determine the most sensitive combination of a 
catcher (coating MoAb) and a tracer (labelled MoAb) to detect 
soluble ICAM-1 antigen, DDI A was performed by four combi- 
nations (MoAbs HA58-HA58, CL207-CL207, HA58-CL207 
and CL207-HA58). The combination of coating MoAbCL207 
as a catcher and biotinylated MoAb H A58 as a tracer is the most 
sensitive means for ELISA to detect the soluble ICAM-I 
molecule, whereas the other combinations (including a combi- 
nation of the same MoAb) are not sensitive enough for 
measurement (data not shown). Shedding ICAM-1 antigen in 
the spent media of cultured cells was then measured, using 
coated MoAb CL207 and biotinylated MoAb HA58. This assay 
was first applied to examine the effect of IFN-y concentration 
and incubation time upon the accumulation of the shedding 
ICAM-1 antigen from cultured gastric carcinoma MKN45 cells. 
As shown in Fig. 2, the amounts of shedding ICAM-1 antigen 
increased in an I FN-? concentration- and time-dependent 
manner. 
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Table 2. The average ICAM- 1 levels in the sera of cancer patients with and without 

liver metastasis 


Gastric cancer 
Colonic cancer .. . 
Gall bladder cancer 
Pancreatic cancer 
Oesophageal cancer 


Total 


Average levels of circulating ICAM- J 


With metastasis Without metastasis P* 


138 4±79-9 («-I4) 
!50-7±!040(/i-7) 
228-3 + 87-7 (» = 5) 
25I-9±90-3 (» = 7) 
364-3 („=i) 


76 7 + 43-4 (n = 40) < 0-005 

62-1 +21-9 (n« 20) < 0-005 

1 00- 6+87-1 (n = 7) < 0-025 

101- 4±35-2(/j=--9) <0005 
61*5+23-8 (««5) 


I84-2±97-7 (/t-34) 78-0±44-9 (w = 8l) < 0-005 


Results are expressed as ICAM- 1 units (mean + s.d.). 

♦Significance of different ICAM-I levels between cancers with and without 
metastasis, calculated with Student's /-test. 


The expression and shedding of ICAM- 1 antigen in cultured ceils 
In order to examine the relationship between the expression of 
ICAM-I antigen on the cell surface and the soluble ICAM- J 
antigen in the spent media, before and after- treatment of 
cultured cells with I FN-}-, flow cytometry and DDIA were 
performed. As shown in Fig. 3a ? the flow cytometry data 
indicated that IFN-y-treated cells expressed more ICAM-I 
antigen on cell surfaces than did the non-treated cells. Next, 
soluble ICAM-1 antigen shed in the spent media from IFN-y- 
treated cultured cells were measured by DDIA. The levels of 
ICAM-I antigen in the spent media of IFN->-treated cells were 
much higher than those of non-treated cells (Fig. 3b). 

These results indicate that both expression and shedding of 
ICAM-1 antigen increased when cultured carcinoma cells of the 
stomach, the colon, the pancreas, the liver and the lung were 
Ireated with IFN-y. 


Measurement of circulating ICAM-1 antigens in the sera of 
patients with malignant and non-malignant diseases 
Next, the circulating ICAM-I antigen was measured in the sera 
of patients with malignant and non-malignant diseases. The cut- 
off value (mean value ± 2 s.d.) was set as 75 U, based on the data 
of 50 healthy control sera. Patients with malignant disease 
tended to have higher mean levels of circulating ICAM-1 
antigen than those with benign disease or healthy controls. The 
incidences of positivity for ICAM-1 antigen in pancreatic 
cancer, gall bladder cancer, gastric cancer and other cancer were 
93%, 79%, 63% and approximately 50%, respectively (Fig. 4). 
However, those in benign diseases and healthy controls were 
respectively, 12% and 4%. According to these results, the 
incidence of positivity in malignant diseases was significantly 
(P< 0*01) higher than that in benign disease. Furthermore, it is 
noteworthy that the sera of cancer patients with liver metastases 
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showed higher levels ofICAM-1 antigens than those of patients 
without metastases (/»< 0-005, Table 2). 

DISCUSSION 

MoAb HA58 (IgGl) was established using IFN-y-treated 
colonic cancer BM314 cells as an immunogen. This new MoAb 
recognized ICAM-1, which was induced with IFN->- (Dustin et 
«/., 1986), and crossreacted with MoAb CL207 in immunodep- 
letion experiments. 

There have been several reports describing other MoAbs to 
JCAM-1 (Staunton et a!., 1990). We do not know, however, 
whether MoAb HA58 recognizes the same epitope as other 
MoAbs. Nevertheless, our preliminary experiments (data not 
shown) suggest that MoAb HA58 appears lo recognize the 
binding site (or close to it) of the ICAM-1 molecule to LFA-1, 
since NK activity against K562 cells was strongly reduced when 
the target cells were treated with MoAb HA 58, and the 
aggregation of ICAM-l- and LFA-1 -bearing cells was blocked 
when the cells were treated with MoAb HA58. In contrast, 
MoAb CL207 was reported to recognize a distinct epitope 
which was not the binding site for LFA-1, since MoAb CL207 
had no influence on NK activity or on aggregation of cells (Maio 
et aL 1989). 

Because these two MoAbs recognize different epitopes, the 
DDIA was established to detect the circulating ICAM-1 antigen 
in patients' sera. To our knowledge, this is the first description of 
circulating ICAM-1 in the sera of patients. The incidence of 
positivity for the ICAM-1 antigens was higher in patients with 
malignancy (93% in pancreatic cancer, 79% in gall bladder 
cancer, 63% in gastric cancer) than in patients with benign 
diseases (1 3% in pancreatitis, 0% in cholecystitis). Furthermore, 
the sera of cancer patients with liver metastasis showed 
particularly high levels (Fig. 4, Table 2). In addition, our 
preliminary results showed that the molecular weight of the 
ICAM-1 in the serum was similar to that in the extract from 
I FN-)' -treated cancer cells. 

Immunostaining of cancerous tissue with MoAb HA58 
showed that the ICAM-1 antigen was expressed not only on 
malignant cells but also on stromal cells (mainly fibroblasts) 
near cancer nests, and the stromal cells immediately adjacent to 
cancer nests, in comparison to those cells farther away from the 
nests, have a higher ICAM-1 expression (manuscript in prepara- 
tion). These results suggest that the expression of ICAM-I 
antigen was augumented on the fibroblasts surrounding cancer 
cells. We speculate that tumour cells activate T cells to produce 
cytokines (e.g. IFN-y), resulting in strong expression of the 
ICAM-1 on surrounding fibroblasts, as well as on tumour cells. 

We suggest, therefore, that the higher levels of circulating 
ICAM-1 antigen in malignant diseases reflect the host's immune 
response to malignant cells and surrounding cells. The incidence 
of positivity and the levels of the antigen were not so high in 
benign diseases, including inflammatory diseases, suggesting 
that ICAM-l is generated not only from inflammatory cells but 
also from tumour cells and immunoreactive cells to the tumour. 
Shedding ICAM-1 antigen may also block the attachment of 
cytotoxic T cells and/or NK cells to cancer cells, since LFA-1 
could be blocked with soluble ICAM-1 . This could be one of the 
escape mechanisms of cancer cells from the immunosurveillance 
system of the host. 
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Immunochemical Detection of a Small Cell Lung Caneer-associawu vrangnusiae 
(FucGmi) Antigen in Serum 1 
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ABSTRACT 

Recently, the ganglioside FucG MI (Fucal-2Gatfl-3CalNAc01- 
4|NeuAca2-31-GaI/?l-4GIc/?l-ICer) was identified as a small cell lung 
cancer (SCLC) marker both in chemical and histochemical studies. In 
order to further determine whether the FucG M , ganglioside is shed from 
the tumor site and consequently is present in the serum of SCLC patients, 
we produced a series of new monoclonal antibodies raised against FucCmi 
and related glycolipids. Shedding of the FucG M i ganglioside was studied 
both in vitro and in vivo using SCLC cell lines and nude mice xenografts 
of SCLC cells as mode! systems, and finally immunochemical analyses 
were performed on serum samples from patients with SCLC. High- 
performance thin-layer chromatography immunostaining demonstrated 
the presence of FucGmi in conditioned culture media obtained from 
FucG M ,-positive SCLC cell lines. Furthermore, tumor extracts of SCLC 
cell line xenografts in nude mice were positive for the FucG MI marker, 
and more importantly the marker was also present in serum samples 
from these mice. Twenty serum samples were obtained from patients 
with histologically verified SCLC. Eight patients had localized disease, 
and the remaining patients had disseminated cancer involving metastases 
to other organ sites. Sera from 4 of these patients were clearly positive, 
and 2 additional cases were found to be weakly positive. The positive 
patient sera were all from patients with extensive disease. Sera from 12 
patients with non-SCLC and 20 healthy individuals were aU found to be 
negative. These results clearly establish the FucC Mi glycolipid as a 
potential serum marker of SCLC for which a sensitive immunoassay 
should be developed and tested using a larger series of serum samples. 


INTRODUCTION 

SCLC 1 comprises 20 to 25% of all lung cancer cases (1), and 
with a 5-year survival rate of 2 to 5% it is the histological 
subtype of lung cancer with the poorest prognosis (2). SCLC is 
surgically incurable due to the rapid proliferation and metastatic 
spread by the time of diagnosis (3), but SCLC tumors are 
generally sensitive to chemo- and radiation therapy, which 
emphasize the importance of accurate and early detection of 
SCLC for effective therapy. 

SCLC has been characterized as a neuroendocrine tumor 
because of the presence of neuroendocrine differentiation mark- 
ers and the presence of neurosecretory granules. Several serum 
markers have been suggested for SCLC, including neuron- 
specific enolase and the creatine kinase-BB isoenzyme. None 
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of these markers has shown an absolute specificity for SCLC 
(4, 5). 

Nilsson et al. (6) originally identified the glycolipid FucGmi 
(Fucal^Gal^l-JGaiNAc/Sl^tNeuAcal-Sj-Gal^l^GlCiSl- 
ICer) as a selective tumor-associated marker of SCLC cells. 
FucGmi and related structures are illustrated in Fig. 1. Using 
specific monoclonal antibodies they analyzed glycolipid extracts 
of a variety of normal human tissues and tumor tissues by 
HPTLC immunostaining and found the FucG M i glycolipid to 
be strongly associated with SCLC although some normal tis- 
sues, excluding normal lung tissue, also contained the glycolipid 
(6-9). Recently, the SCLC-associated expression of FucG M1 
was further substantiated by immunohistology of frozen tissue 
sections, where the presence of FucGmi was demonstrated in 
90% of the cases as compared to 12% positive cases observed 
in other lung cancers (10). 

Gangliosides have been identified in serum samples from 
patients with malignant melanoma, presumably as a result of 
shedding from tumor cells, and the detection of these antigens 
in serum may provide an aid for diagnosis and follow-up (11- 
13). In this report, we present evidence that the FucG M i gan- 
glioside is shed in vitro and in vivo from SCLC cells and that 
this antigen also may be detected in serum samples from SCLC 
patients. 

MATERIALS AND METHODS 

Cell Lines. NC1-H69, CALU-1, CALU-3, SK-MES, and SK-LU1 
cells were obtained from the American Type Culture Collection (Rock- 
ville, MD). NCI-H345 and NCI-H510 cells were kindly provided by 
Dr. T. Schwartz (Laboratory of Molecular Endocrinology, Copen- 
hagen, Denmark). GLC-14, GLC-16, and TOOS4A cells (14, 15) were 
kindly provided by Dr. K. Rygaard (State University Hospital, 
Copenhagen). 

Monoclonal Antibodies. MAbs directed to the FucG Ml and FucG A i 
antigens were produced according to standard procedures (16). Purified 
glycolipids (2 /ig), adsorbed on acid-treated Salmonella minnesota (50 
/ig), were used as antigens for i.v. immunization of BALB/c mice (3- 
month-old) 3-5 times with 2-3-week intervals between immunizations. 
Fusion with SP/2-0 or NS-1 hypoxanthine phosphoribosyltransferase- 
negative myeloma cells was performed 3 days after the last i.v. immu- 
nization. The screening and further selection of hybridomas with spec- 
ificity for FucGmi (TKH5 and 1D7) was based on reactivity with 
purified glycolipids using enzyme-linked immunosorbent assay as well 
as HPTLC immunostaining techniques (1?, 18). Both MAbs (TKH5 
and 1D7) were identified as being of the IgG3 isotype. An additional 
MAb, TKH4, specifically bound FucG A , but did not react with FucG Mt 
or other glycolipid antigens. The MAb MH2 was prepared similarly 
using a biosyntheticatly produced AG M , ganglioside. 4 

Purification of Antibodies. One-tenth volume of 1.0 M Tris (pH 8.0) 
was added to the MAb-containing culture supernatant, adsorbed on a 
protein A-Sepharose column (Pharmacia, Uppsala, Sweden), washed 
with 100 mM Tris (pH 8.0), eluted with 100 mM glycine buffer (pH 
3.0), and collected into tubes containing 0.1 volume of 1 m Tris, pH 
8.2. The IgG3 anti-FucG M i MAbs (TKH5 and 1D7) were immediately 


4 T. White, S. B. Levery, M. Stroud. S. Hakomori, A. J. Vangsted, and H. 
Clausen, manuscript in preparation. 
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fucGH 1 and Rotated Ganoll oside Structures. 
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defined by 
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2 3 

Fucol MeuAco2 


Fig. 1. Schematic representation of the gangliosides FucGmi, Fuc-asialo-G M i, 
and AG MI . The MAbs TKH5, TKH4, and MH2 with specificity for FucGmi, Fuc- 
asialo-G M i, and AGmi, respectively, are indicated. Glc, glucose; Gal, galactose, 
GlcNAc, /V-acetylglucosamine; GalNAc, ^acetylgalactosamine; Fuc, fucose; Or, 
ceramide; NeuAc, neuraminic acid. 


collected and dialyzed (molecular weight cutoff, 12,000-14,000; Spec- 
tra/por, Los Angeles, CA) against PBS (pH 7.4). 

Culture of Cell Ones. NCI-H69, NCI-H345, NCI-H510, GLC-14, 
and GLC-16 cells were grown in RPMI 1640 containing 10% FCS. 
CALU-1 cells were grown in McCoy's 5a medium containing 10% 
FCS, whereas CALU-1, SK-MES, T0054A, and SK-LU1 cells were 
grown in modified Eagle's medium containing 10% FCS supplemented 
with 7 nonessential amino acids and sodium pyruvate. All lung cancer 
cell cultures were supplemented with L-glutamine, penicillin, and strep- 
tomycin (100 units/ml, 0.5 mg/ml). Conditioned media in a total 
volume of 50 ml from GLC-14, GLC-16, and NCI-H69 cells were 
obtained from cell cultures in the exponential growth phase. The NC1- 
H69 cells were also propagated in vivo as xenografts in athymic nude 
BALB/c mice. Hybridoma cells were cultured in RPMI 1640 containing 
15% FCS supplemented with L-glutamine and sodium pyruvate. All 
cell cultures were routinely screened for possible Mycoplasma contam- 
ination at monthly intervals and were negative throughout these 
experiments. 

Nude Mouse Xenografts. Cells (3-5 x 10') of the cell lines GLC-14, 
GLC-16, NC1-H69, and T0054A were inoculated sx. into the flanks of 
athymic nude BALB/c mice. When the xenografted mice showed symp- 
toms of dehydration and loss of weight, the tumors and organs such as 
liver, lung, spleen, and mesenteric lymph nodes were collected. Blood 
samples were collected in heparinized test tubes containing aprotinin 
(Trasylol; Bayer, Leverkusen, Germany) at a final concentration of 


2000 Kallikrein inhibitor units/ml. Tumor, organs^ and plasma samples 
were immediately frozen at — 80'C. 

Serum Samples. Serum samples (700-800 v\) were obtained from 20 
patients with histologically verified SCLC as classified according to 
WHO II criteria. The sera were obtained at the time of diagnosis and 
before the patients received chemotherapy, and all patients participated 
in a follow-up study. Eight patients had localized disease, and 12 
patients had disseminated cancer involving metastases to other organ 
sites. Clinical information on these patients fage, sex, blood type, state 
of disease, and organ site involvement) and results from analyses of 
serum samples are summarized in Table 1. Twelve serum samples from 
patients with non-SCLC cancer as well as 20 serum samples from 
normal individuals were used as control sera. 

Immunofluorescence Staining Procedure. One million to 5 million 
cells were incubated with 100 fd protein A-purified TKH5 or 1 D7 MAb 
(dilution, 1:100) in PBS for 1 h and washed 3 times, followed by 
incubation with 100 id FITC-conjugated goat anti-mouse immunoglob- 
ulin (code F-261; Dako A/S, Glostrup, Denmark) at a final dilution of 
1:80. All procedures were done at 4*C. An IgG3 monoclonal antibody 
of nonrelated specificity was used for control staining. Immunofluores- 
cence staining was analyzed by fluorescence microscopy as well as by 
FACS analysis. 

FACS Analysis. One hundred u\ of cell suspension adjusted to 10* 
cells/ml were incubated with 100 p\ of MAb TKH5 or 1D7 MAbs 
(dilution, 1:100 in PBS) for 1 h at 4*C and washed three times, followed 
by incubation at the same temperature for 1 h with FITC-conjugated 
anti-mouse antibodies. After three washings in PBS, the cells were 
^suspended in 200 p\ sheath fluid (Becton Dickinson, Mountain View, 
CA) and analyzed in a FACScan flow cytometer (Becton Dickinson). 
Control samples were incubated with nonrelated IgG3 MAb and FITC- 
conjugated anti-mouse immunoglobulin only. Five thousand cells were 
analyzed for each sample and gated to include only intact viable cells. 

Extraction of FucGmi from Conditioned Media and Sera. Serum 
samples (700-800 u\) and conditioned media (50 ml) were extracted 
using isopropyl alcohol:hexane:serum (55:20:20, v/v/v). Control sam- 
ples consisted of complete media and 10% FCS only. Total lipid 
extracts were evaporated to dryness under N 2 , resuspended in PBS 
containing 0.1 M KC1, and bound on a Bond-Elute C18 disposable 
cartridge column (Analytichem International, Harbor City, CA). Col- 
umns were washed with PBS and distilled H 2 0 and eluted with chlo- 
roform:methanol (2:1, v/v). The eluate was dried under N 2 , dissolved 
in 30 u\ chloroform:methanol (2:1, v/v), and analyzed by HPTLC in a 
volume of 5 id. 

Extraction from Tumors, Organs, and Cell Ones. Tissues and cell 
lines were homogenized in and extracted twice with isopropyl alco- 
hol:hexane:water (55:25:20, v/v/v). The extraction and purification 
were performed as described above. 


Table 1 Summary of clinical 


data and presence or absence ofFucG m in serum samples for patients with histologically verified SCLC 


Patient 

Age 

Sex 

1 

66 

M 

2 

60 

F 

3 

65 

M 

4 

57 

M 

5 

65 

M A 

6 

64 

M * 

7 

44 

M 

8 

65 

M 

9 

54 

F 

10 

57 

F 

It 

44 

M 

12 

'57 

F 

13 

63 

M 

14 

33 

F 

IS 

62 

F 

16 

65 

M 

17 

52 

M 

18 

67 

M 

19 

67 

M 

20 

57 

M 

a Data shown in Fig. 4. 
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Preparation of Glycolipids. FucG M1 was purified from bovine thyroids 
as previously described (19, 20), and fucosyl-asiaJo-G MI (FucG AI ) was 
1 prepared from purified FucG M i by acid hydrolysis at 100"C AG M) and 
AG A , were prepared biosynthetically from FucG M( and FucAG A , using 
purified blood group A transferase. 4 G M > ganglioside was isolated from 
bovine brain, and asialo-G M1 was prepared by acid hydrolysis of G M1 
ganglioside. Other al-2-fucosyl-containing glycolipids were prepared 
as previously described (2 1 ). 

HPTLC Immunostaining of Glycolipids. The total ganglioside frac- 
tion isolated from tissues and sera (5 /d/30 fi\ ganglioside extract 
obtained from 700-800 ul serum samples) were separated on HPTLC 
plates (Merck, Darmstadt, Germany) using a chloroform:methanol- 
H 2 0 (50:40:10, v/v/v) solvent system. HPTLC plates were briefly air 
dried and immersed in 0.5% 5-poly(isobutylmethacrylate) beads 
(Polysciences, Inc., Warrington, PA) in ether for 2 min and blocked at 
room temperature with 5% bovine serum albumin in PBS for 30 min 
followed by overnight incubation at 4"C with the MAb TKH5. Rabbit 
anti-mouse IgC:IgM (Code Z-109; Dako A/S) were exposed at room 
temperature for 1 .5 h at a final concentration of 1 : 1000, and finally the 
plates were labeled with l23 I-protein A (specific activity, 30 mCi/mg 
total protein A) (Amersham International, Amersham, United King- 
dom). X-OMAT AR films (KodakH 165-1496) were exposed overnight 
with dried plates. 

RESULTS 

Characterization of Monoclonal Antibodies. Two hybridomas 
(TKH5 and 1D7) producing monoclonal antibodies that bound 
FucGmi but not FucGai or any of a panel of additional standard 
glycolipids were isolated from two independent fusions. Both 
of these MAbs were of the IgG3 isotype and were found to be 
specific for the FucG M , relevant structures as shown in Fig. 2. 
Further attempts to produce MAbs of other isotypes (IgG or 
IgM) against the FucG M i antigen were unsuccessful. One ad- 
ditional hybridoma (TKH4) that produced an IgM isotype MAb 
that bound FucGai but not FucG M i or other standard glyco- 
lipids was also generated. The MAb TKH5 specifically labeled 
7 of 10 different SCLC cell lines tested but none of 38 other 
carcinomas of various origins. 

Immunofluorescence Staining of Cell Lines. Six different 
SCLC cell lines were selected for further study. Immunofluo- 
rescence staining of these cell lines showed that 3 of the 6 
selected SCLC cell lines were positive when stained with either 
of the 2 different MAbs (TKH5 or 1D7). No difference in 
staining intensity was detected when unfixed cells were com- 
pared to cells fixed in 4% formaldehyde or 96% ethanol. Fixa- 
tion in acetone, however, partially abolished the staining. Neur- 
aminidase pretreatment of the cells did not affect binding. 
Neuraminidase treatment of purified FucG M i glycolipid, even 
in the presence of detergent (sodium taurocholate), did not 
result in desialylation to any significant degree, presumably 
because the sialic acid residue in FucG M i is positioned at the 
internal galactose. 5 Indirect immunofluorescence staining re- 
sulted in a homogeneous ring-shaped membrane-associated flu- 
orescence staining pattern. The percentage ojfcimmunofluores- 
cence-positive cells varied among different SCLC cell lines as 
demonstrated by immunofluorescence and the FACS analysis 
shown in Fig. 3. Ten % of the cells from the GLC-16 and NCI- 
H69 cell lines were positive for the FucG M , antigen. This 
percentage was much higher in GLC-14 cells, where as many 
as 80% of the cells were positive. The cell lines NCI-H345, 
NCI-H510, and T0054A were all negative in immunofluores- 
cence, as were all four non-SCLC cell lines included in this 
study. 


CM 
0) 

< 


100 12.5 0.8 ng 


CM 
O) 

< 


CM 
O) 

< 



100 12.5 0.8 ng 

Fig. 2. Titers of gangliosides tested in enzyme-linked immunosorbent assay 
with three different antibodies. Binding specificity of the monoclonal antibodies 
TKH5, 1D7, and TKH4 to purified glycolipids. Abscissa, concentrations of 
gangliosides FucG MI , FucGai, and asialo-G M i starting at 100 ng followed by 2- 
fold dilutions. Antibodies were used as undiluted culture supernal ants from 
hybridoma cells. 


5 H. Clausen and S. Hakomori, unpublished observations. 


Immunohistochemical Detection of FucG M i from SCLC Cell 
Lines, Tumors, and Serum Samples from SCLC Xenografted 
Nude Mice. The results from HPTLC immunostaining of cells, 
supernatants, nude mouse xenograft tumors, and mouse sera 
are summarized in Table 2. The cell extracts obtained from the 
immunofluorescence-positive cells cultured in vitro and in vivo 
were found to be positive for the ganglioside FucG M t . The 
ganglioside FucGmi was also detected in the conditioned media 
from 2 of 3 positive cell lines. In addition, in athymic nude 
mice xenografted with these cell lines, mouse sera were positive 
in 2 of the 3 cases. The cell line GLC-14 showed similar results 
in both model systems. This was in contrast to the cell lines 
GLC-16 and NCI-H69 which were only positive for the antigen 
in either one of the two model systems. In the case of GLC-16 
FucGmi was identified in conditioned media but not in xeno- 
graft serum. NCI-H69 cells showed the opposite pattern. The 
reason for this controversy is unknown, but the two cell lines, 
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GLC-14 


GLC-16 


NCI-H69 



UJ B 

O 

111 
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NCI-H345 NCI-H510 T0054/1 


111 

QC 


10° tO' 10 s " " tO 6 tO' 10 2 " ' 10° io 1 10* 

FLUORESCENCE INTENSITY 
Fig. 3. FACS evaluation of SCLC cells stained for FucG MI . A, the 3 different 
FucG MI -positrve SCLC cell lines (GLC-14, GLC-16, and NCI-H69). First row, 
increase in fluorescence intensity due to staining with the MAb TKH5; second 
row, background staining with the secondary antibody (FJTC-conjugated goat 
anti-mouse immunoglobulin) of cells. An 80% increase after specific staining was 
noted in GLC-14 cells as compared to a 10% increase observed in GLC-16 as 
well as with NCI-H69 cells. B, corresponding immunofluorescence staining 
profiles of the 3 different FucG M i-negative SCLC cell lines (NC1-H345, NCI- 
H510, and T0054A). 






HPTLC 

HPTLC 


Immuno- 

HPTLC 

HPTLC 

immu no- 

immuno- 


immuno- 

immuno- 

staining of 

staining of 
sera 

Cell 

fluorescence staining of 

staining of 

xenograft 

positive 

cell 

conditioned 

tumor 

xenografted 

line 

cells (%) 

extracts 

media 

extracts 

nude mice 

GLC-14 

80 

++ 

+ 

+ 

+ 

GLC-16 

10 

+ 

+ 

+ 

Negative 

NCI H69 

10 

++ 

Negative 

+ 

+ 

NCI-H34 

0 

Negative 

NLV 

ND 

ND 

NCI-H51 

0 

Negative 

ND 

ND 

ND 

T0054A 

0 

Negative 

ND 

Negative 

Negative 


* ND, not determined. 


GLC-16 and NCI-H69, showed only a small fraction (10%) of 
positive cells in culture, whereas GLC-14 was more homoge- 
neously positive (80%) (Table 2). The immunoreactive FucGmi 
antigen from different sources defined by the MAb TKH5 
migrated slightly differently in HPTLC. The mobility of im- 
munoreactive FucGmi from the established cell lines (in cell 
extracts or from nude mouse xenograft tumors) migrated as a 
double band in contrast to a slower-migrating single FucGmi 
immunoreactive band, when media or sera were analyzed, pre- 
sumably due to differences in the ceramide composition (22). 
The FucGmi antigen was also detectable by HPTLC immuno- 
staining in total extracts from livers of mice xenografted with 
the 80% FucG M i-positive GLC-14 cell line suggesting the pres- 
ence of SCLC metastases in the liver. In contrast to this, tissues 
from lung, spleen, and mesenteric lymph nodes were found to 
be consistently negative, similar to the organs from nude mice 
used as controls. 

Detection of FucGmi in Serum Samples from SCLC Patients. 
The results of HPTLC immunostaining of 18 of a total of 20 
patient serum samples are illustrated in Fig. 4. Fig. 4A illus- 
trates the staining of the FucGmi ganglioside by the MAb 


TKH5 Sera from patients I, 10, 13, and 18 stained positively 
and only trace amounts were detected in serum Samples from 
patients 4 and 6. The FucG M , -positive samples were found onry 
tlv^T? CXtended disease ' Sera from P^ents with 
from 20 healthy individuals were negative for FucG M1 . Fig 4a 

i a rl J) J" UStfateS the HPTLC i^unostaining PaWn 
of the MAbs TKH4 and MH2< raised against FucG* Z 
A(jtm„ respectively (for structures see Fig. 1). None of the 
FucG MI -negative sera were positive for these alternative giyco- 
sylation variants of the ganglioside core structure. At least one 
patient serum from an individual with blood group A (patient 
18) was strongly positive for the FucG M , ganglioside but not 
for the AG M i glycolipid (MH2) (Fig. 4). 

DISCUSSION 

Shedding of tumor-associated antigens resulting from aber- 
rant glycosylation may have important diagnostic applications 
(23, 24). In cultures of melanoma cells, monosialo- and disialo- 
gangliosides were found to be shed in conditioned media 
(25-27), and disialogangliosides have been identified in serum 
samples from patients with malignant melanoma (11-13). 

In this study, we have demonstrated that the ganglioside 
antigen FucG M i is present in the conditioned media from 
FucG M i-positive SCLC cell cultures, as well as in tumors and 
serum samples from nude mice xenografted with the same 
FucG M rpositive SCLC Cells. The ganglioside FucGmi was also 



Fig. 4. HPTLC immunostaining of 18 SCLC patient sera of a total of 20 
analyzed, by the use of MAbs TKH5, TKH4, and MH2. Sera (700-800 ^1) were 
extracted as described in "Materials and Methods," and the extract was dissolved 
in 30 »\ chloroform:methanol (2:1, v/v). A 5-/il sample was applied per lane. The 
solvent system for HPTLC was chIoroform:methanol:H 2 0 (50:40:10, v/v/v). A, 
MAb TKH5 specific for FucG MI ; B y MAb TKH4 specific for Fuc-asialo-G M i; C 
MH2 specific for AG M i. Wwi, FucG M i; HG AU Fuc-asialo-G M i (standards). 
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detected in total extracts of liver tissues from tumor-bearing 
mice but not from other organs analyzed. Since no histologically 
verified metastases could be detected in liver sections from 
tumor-bearing mice, it is, however, uncertain whether this pos- 
itive reaction was due to the presence of micrometastases. 
Interesting only the serum samples from mice xenografted 
with the SCLC cell line expressing high levels of FucG M i (GLC- 
14 cells) or the in vivo propagated cell line (NCI-H69) shed 
detectable levels of the ganglioside antigen. Although this could 
be interpreted as if only a few SCLC cells actually shed antigen 
to serum, the combined findings of antigen shedding in vitro 
and in vivo suggest that the results obtained more likely are due 
to limited sensitivity of the HPTLC immunostaining method 
used for the detection of the FucG MI antigen. Using similar 
analytical techniques, but including extraction of the glycolipid 
antigen from small amounts of patient serum, 4 serum samples 
ol a total of 20 analyzed were found to be positive for FucG M ,. 
All FucG M .-positive serum samples were from patients with 
large tumor load and extensive disease, and the frequency of 
positive samples corresponds to a detection rate of 25% in all 
SCLC patients analyzed with disseminated disease. 

Total lipid extracts from SCLC patient sera were also ana- 
lyzed for alternative glycosylation products which theoretically 
.7^™ as a result of different ABO blood group status 
(28). The blood group A- variant of gangliosides was not 
detected, although at least one of the patients belonging to 
blood group A strongly expressed FucG M1 (patient 18). The 
MH2 with specificity for the AG MI glycolipid, however, 
had less affinity than the anti-FucG M i MAbs. Additional factors 
such as A,A 2 histo-blood group subgrouping could influence 
these results (28). Interestingly, the asialo derivative of FucG M i, 
FucGai, was not detected in any serum samples either. This 
result could be due to the relative sialidase resistance of the 
internal sialic acid in the FucG M i ganglioside. 

The currently most accepted serum markers for SCLC are 
neuron-specific enolase and the creatine kinase-BB isoenzyme. 
At the time of diagnosis, elevated concentrations of neuron- 
specific enolase and the creatine kinase-BB isoenzyme have 
been detected in 70% of plasma samples from SCLC patients 
with disseminated disease followed by subsequent changes in 
plasma levels as a result of chemotherapeutic responses (29- 
32). However, both of these serum markers have also been 
detected in patients with non-SCLC (4, 5). No false-positive 
reactions for the ganglioside FucG MI have been found in our 
present limited analysis of patients with non-SCLC cancers or 
in the normal controls using HPTLC immunostaining. In the 
present study, the lipids were extracted from small volumes and 
prepared for analysis by HPTLC immunostaining, which im- 
plies that a high concentration of antigen was required for 
detection. This method was chosen here because we explicitly 
wanted to combine immunological detection with a more direct 
chemical method to visualize and cojSfirm the nature of the 
serum glycolipid antigen. The FucG M i carbohydrate structure 
is generally considered not to occur in glycoproteins (28), It is 
possible that the development of more sensitive immunoassays 
for FucG MI) which will require smaller amounts of antigen, will 
further increase the frequency of FucG M rpositive sera from 
patients with SCLC. Attempts to achieve this have thus far 
been hampered by the poor stability of the present FucG M r 
specific MAbs after further purification. 

In this paper we have demonstrated that the SCLC-associated 
antigen glycolipid FucG M i may be detected in sera of patients 
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Soi? 0 ^.™ 8 ?? dine CouId have further implications for 
the classification of lung cancer and the diagnosis of SCLC. 
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